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Ab tract 
The ffic ien y of cogn i t ive radio networks mainly depends on the spectrum 
sensing tage. in \\ hich spectrum opportuni t ie  are exploited. However, one of the 
ha l lcnge fac ing p ct rum ensing i the presence of fading and log-normal 
hadowing. Moreo er, \ h n the pectrum ut i l izat ion i s  high and detai ls  regarding 
primary user act i  i t  ar not  a a i l able, a need to sense the whole spectrum arises. 
Ii n c, devel ping wideband spectrum sensing techn ique is a fundamental concern. 
In th i  thes i s  a narrowband spectrum ensing in a log-normal shadowing 
environment i s  addressed, a c los d- form express ion for the probabi l i ty of  detect ion 
under hadowing i s  deri ed. The accuracy of  the expression i s  tested using a 
1 TL B s imulat ion .  Co l laborat ive spectrum sensing i s  addressed, and expressions 
for the probab i l ity of  detect ion and false a lam1 i n  both A WG channe ls  and log­
normal channe ls  are derived for d i fferent fu ion rules namely;  soft fusion us ing 
square- l aw select ion (SLS) ,  square- law combin ing ( S LC ) ,  hard fusion using OR, 
D and Majority combin ing. The detect ion perfom1ance of these fusion ru les is  
tested and compared. imu lat ion results showed that sen i ng performance i s  
enhanced due  to  col l aboration and better detect ion i s  achieved wi th  more 
col l aborat i ve secondary user . Moreover, S LC outperforms SLS in tenns of the 
probabi l i ty of detect ion .  OR-combin ing i s  found to outperform both AND-combin ing 
and Majori ty-combin in g  from the primary user' s  point of view b providing h igher 
protection  for the primary user from any secondary user i nterference; whi le AND­
combin ing is found to outperfonn the other two techniques from the secondary user 
perspect ive,  as i t  resul ts in h igher spectrum ut i l i zat ion and more spectrum 
opportun i t ies .  
W ideband spectrum sensll1g using wavelet-based detect ion i s  i nvest i gated . 
The performance of  th is  method and the effect of  parameters such as the scale factor 
of the wavelet smooth ing funct ion, col l aborat ion between secondary users in edge 
detect ion and the presence of log-normal shadowing is i nvest igated and analyzed 
using MA TLAB s imu lat ion.  S imulat ion results i nd icate that better edge detect ion 
was ach ieved at h igher scale factor values .  Log-normal shadowing affected the 
accuracy of edge detect ion since it attenuates the average power received at the 
secondary user, and adds random variations at the same t ime as detect ing false edges. 
V I  
T\\ o approaches to wideband p ctrum detect ion are i nvest igated and 
compaTed . The fi r t approach is the tunable bandpa s fi l ter (TBPF)  fi l terbank. The 
' ccond approach i a proposed model using wa elet-based detect ion. imulat ion 
resu lts i ndicate that the proposed approach perfonned better i n  terms of spectrum 
occupanc and uti l izat ion as  i t  accurate ly  detected the primary user s ignal . Whi le the 
fBPF fi l terbank approach fai led to detect the primary user at low probabi l i t ies of 
fal alarm \\ hen i t  part ia l ly  occupied the ubbands, lead ing to more i nterference for 
the primary user. 
Keywords: Cogni t ive rad io, spectrum sensll1g, naITO\ band sensmg log-normal 
hado\\i ng, col laborative sens ing, soft fusion, hard fusion, wideband sensing, 
wa\ elet-ba ed detect ion. 
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CH APTE R 1 :  I NT RO DUCTI O N  
This  the i addresse spectrum sen ing i n  cogn i t i  e rad io netv orks. Spectrum 
en i ng i the fi r t and most important cogn i t ive task upon v h ich the ent ire operati on 
of cognit ive rad io rel ies. Sensing can be performed either on narrowband or 
\videband I v I .  arrowband sensing i s  performed when there enough 
i nfonnation about the primary u er 's  s ignal i ng, center frequency and bandwidth. 
I I wever, n i ng performance on a narro\ band level is  affected by fad ing and log­
normal hadowing. 
On the other hand, wideband spectrum sensi ng obtains better u t i l ization of 
the frequency spectrum, \ hen th occupancy deta i l s  of the primary users are 
UnkI10\Vn to cogn i t ive net\vork users. The design and implementat ion of wideband 
ens ing systems are both d i fficul t  due to high i mplementat ion complex i ty and large 
energy consumpt ion from high-rate analogue-to-d igi tal converters ( AD ) .  
1 . 1  Motivat ion  
Radio frequency ( RF )  spectrum scarci ty i s  the mal l1 chal lenge facing the 
development of  wireless conununicat ion networks. The introduct ion of new services 
t hat requ i re high data rates, the spread of smartphones and socia l  networks and the 
wish of users to stay ful l y connected increased the demand on frequency spectrum .  
The a l locat ion of  frequenc bands is contro l led by government regulators such as the 
office of  conun un icat ions (Of com )  1 11 the Un i ted K ingdom, the federal 
c0l1U11unications commlSSlon ( FCC) 1 11 the Uni ted States [ 1 ] , and the 
telecommunication regulatory authori ty (TRA )  in the UAE.  Current a l location 
pol ic ies are characteri zed by stat ic frequency al locat ion where the frequency bands 
are assi gned to l icensed networks and users on a long-term basis with in  a certain 
geograph ical area. However, measurements ind icate that these bands are unused by 
the l icensed users for s igni ficant periods of t i me, resul t ing in  spectrum under­
ut i l i zation [2 ] . For example experiments i ndicate that the max imal occupancy of the 
spectrum from 30 MHz  to 3 GHz in New York ci ty is only 1 3 . 1 %, with an average 
occupancy (over s ix locations) of 5 . 2%, as was shown in F igure 1 - 1  [ 3 ] .  To overcome 
the i ssue of spectrum under-ut i l izat ion and accommodate the growing demand, 
cogni t ive rad io (CR)  net\\ ork \ ere proposed . s a promising teclmology, cogn i t i ve 
rad io netvv ork a l lo\ unl icen ed ( secondary) u ers to acce the l i censed spectrum 
opp rtunist ical l )  without causing hann fu l  i nterferences to the l icensed ( pri mary) 
users . 
To ach ie  e th is  pectrum sensing defines spectrum opportuni t ies ( holes)  that 
can be used [or opportuni  tic access as shown in F igure 1 -2 .  It is crucial  to perf o TIll 
pcctrum sensing effic ient l  and rapid l  to guarantee better spectrum uti l izat ion for 
the secondary user and h igher i nterference protection for the primary users at the 
arne t ime.  Therefore, d i fferent pectrum sensing techniques ha e been developed to 
perf0n11 sensing based on avai lable i n format ion about primary user signal ing [ 4 ] .  
Through u t  th i s  thesi s  energy detect ion i s  used for spectrum sensing becau e of i ts 
genera l i ty  and s impl ic i ty .  HO\ ever, sens ing performance i s  affected by fadi ng and 
log-nonnal shadowing  where the econdary user cannot dist inguish between a faded 
band and an empty band.  To al leviate th is  degradat ion in sensing perfom1ance 
col laborat i ve spectrum sensing i used [ 5 ,  6 ] ,  in which mul t ip le secondary users 
ense the spectrum and share thei r sens ing i n formation to help make a more rel iable 
dec i sions regarding the presence of the primary user with i n  the frequency band. 
D i fferent fusion rules are used to combine local deci i ons, i nc lud ing soft fu ion and 
hard fusion rul es, and each rule is associated with a certain sensing perfonnance 
Ie e ls .  
On the other hand, when spectrum ut i l i zat ion i s  low and i n fonnation about 
the primary user is scarce. mul t ip le  frequency bands are sensed at the same t ime 
using wideband sensing.  One of  the wideband sensing approaches i s  the tunable 
bandpass fi l ters ( TB PF)  bank, in which a paral le l  structure of tunable BPFs is used to 
sense mul t ip le  frequency bands at the same t ime with the center frequency and 
bandwidth of each BPF preset .  However, th is  structure requ i res a large number of 
components resu l t i ng i n  high implementat ion complex ity. Other wideband sensing 
techniques have been developed [ 7- 1 5 ] such as the fi l ter bank detect ion, mul t icoset 
sampl ing based detect ion ,  mul t i rate sampl ing based detect ion, wa elet-based 
detect ion and compressed sensing (CS) .  I n  th i s  thesi s  wavelet-based detect ion 
perfonns wideband sensing as i t  i s  simple and bas the abi l ity to adapt to a large 
dynamic spectrum range. 
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The idea of  wavelet-based detection i s  to ident i fy the i rregular tructure in  the 
pO\'v cr pecITal densi t , P D )  f'uncti n of the " ideband signal . These irregulari t ies, 
a lso cal led edge , carry information about the frequency boundaries of the non­
\ erlapping frequenc bands. Hence. the main goal is  to ident i fy  the edges of those 
band and c Ia  s if  the  band into black, gray, or white, based on \ hether the 
c t imated P D level wi th in each band is h igh, medium, or low. 
The performance of th is  ens ing techn ique depends on di fferent factors such 
a the cale factor of the smooth ing wa elet function, the shape of the received PSD 
and the col laboration bet" een secondary users in edge detection .  Besides, the 
pre ence of log-normal hadowing affects sensing results due to attenuat ion in  the 
ignal power and the add i t ion of random variat ions to signal received. 
1 .2 Obj ect ives a n d  Co n t r-i b u t ions  
1 .2 . 1 Object ives 
This  thesis a ims to :  
1 .  tudy the performance of  nalTowband spectrum sensmg m a log-nom1al 
shadowing environment i n  a non-col laborati ve mode. 
2. I nvestigate the effect of col laborat ive sensing 1 11 a log-nonnal shadowi ng 
env i ronment using di fferent fusion rules .  
3 .  Analyze the performance of  wideband spectrum sensing using wavelet-based 
detect ion i n  both an A WG channel and a log-nom1al chaIme l .  
1 .2 .2 Con t ri bu t ions 
The contri but ions of  th is  thes is are summarized as fol lows: 
1 .  A c losed-form expression of the probabi l i ty of detect ion in a log-normal 
shadowing channel is derived based on the Gauss-Hermite integration 
method. 
2 .  The perfom1ance of  narrowband col laborat ive sensing in  a n  A WGN channel 
and a l og-nonnal channel L ls ing d i  fferent fusion rules i s  derived. I n  part icu lar, 
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so ft fusion. using quare- law election ( L ) ;  quare-1m; combining ( SLC)  
scheme and hard fu ion using OR, o and Majority combin ing are 
analyzed and compared under di fferent parameters. 
3 .  The performance of \ avelet-ba ed edge detect ion I l1 wideband senSl l1g I S  
inve t igated . The ystem model i s  extended to inc lude col l aborat ive edge 
detect ion.  In add i t ion,  log-normal shadowing is i ntroduced and the 
per[0l111anCe of  edge detect ion in  log-normal shadowing envi ronment i s  
analyzed. 
4. A \v ideband pectrum detect ion approach i s  proposed based on wavelet edge 
detect ion. and i ts  performance is compared with the tunable bandpass fi l ter 
fi l terbank approach in tem1S of  spectrum occupancy. 
1 .3 T h esis  O u tl i n e  
The remai nder of  th is  thesis i s  d iv ided i nto s ix  chapter that are organized as fol lows: 
C h a pter  2 
This  chapter pro ides an overview of  the cogni t ive radio concept , 
functiona l i t i es, appl i cations and chal lenges. Common spectrw11 sensing techniques 
from the l i terature are addressed, with the advantages and d i sadvantages of each 
techn ique d i scu  sed. F i nal ly ,  defin i t ions of col l aborat ive spectrum sensing, 
narrowband and wideband spectrum sensing are summarized . 
C h a pter  3 
This  chapter derives expressions for the probab i l i t i es of detection and fal se 
a larm i n  a l og-normal  shadowing channe l .  I t  a lso i nvest igates the performance of 
these expressions i n  spectrum sens ing under di fferent constra ints such as the average 
R. number of samples and a shadowing level represented by the dB-spread. 
C h a pter 4 
I n  th is  chapter expressions for the probab i l i ty of detect ion and fal se a larm 
under col l aborat ive sens ing i n  both an A WGN channel and a log-normal shadowing 
channel are derived. Col l aboration using soft fusion ( S LS and SLC)  and hard fus ion 
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i nvc l igated and the col l aborat ive probab i J i t ie  of  detect ion and fal se alarm are 
al 0 gl\, en.  
h a ptcr 5 
Thi chapter pre ents an 0 er iew of  wide band spectmm sensing and 
common \\ ideband en i ng techniques, with the ad antages and di advantages of  
ea  h technique expla i ned. sy tern model for wideband sensing, using wavelet­
ba ed detect ion, i s  i nve t igated and the perfomlance of this model in edge detect ion 
i analyzed . I so, the idea of co l laborat ive edge detection i s  addressed, and the 
perfomlance of wideband en i ng using wav let detect ion in a log-nonnal shadowi ng 
env i ronment i s  a l o e  al uated. 
C h a pt e r  6 
Thi s  chapter i nve t igate and anal zes two approaches to wideband spectrum 
detect ion .  The fi rst approach i the tunable bandpass fi lter (TBPF) fi l terbank in  
wh ich  a para l le l  structure of tunable narrowband bandpas fi l ters is used to sense the 
spectrum on a w ideband level . The sec nd approach is a proposed \, ideband 
spectrum detect ion model using \ ave let-based detection .  Perfonnance analysis of 
both approaches are stud ied and compared v ia  a s imulat ion .  
C h a pter  7 
Thi s  chapter presents conc lud ing remarks about the thesis, and provides 
suggest ion to extend the work in certain d i rections. 
6 
C H A PTE R 2 :  COG N I TI V E  RA DI O  - R E V I EW 
2. 1 I n t rod u ct ion  
The e \'o l ut ion in  wireles c mmun ications has introduced new serv ices and 
appl icat ion that requ ire high data rates and a part icu lar qua l i ty of service ( Qo ). 
Thi re u l ted in  dramat ical ly  increas ing demand on frequency spectrum to 
accommodate t l1 s new ervices or to enh ance ex ist i ng ones. Ho\ ever, frequency 
pe tru m  i characterized by stat ic frequency a l location schemes that as ign the 
exi t ing frequenc bands onl to l ic nsed users. Th i s  is the case despite that 
mea urements i nd icate that the spectru m  is underut i l i zed by l icensed users for 
ign ificant period o f  t ime [ 2 ] .  Th i s  aggravates spectrum scarci ty and make i t  more 
d i fficu l t  to accommodate the need for a greater pectrum.  Therefore, the concept of 
cogn i t i ve radio (CR) i a promis ing technolog to a l leviate frequency spectrum 
carc i ty and under-ut i l i zat ion by al lowing un l i censed ( secondary) users to access the 
pectrum when i t  i s  not bei ng L1sed by l icensed users. In this chapter an overview of  
the cogni t i ve radio and spectrum sens ing tech11 iques wi l l  be  d iscussed. 
2. 1 . 1  Fea t u res a n d  F u n ct iona l i t i e  
The a l locat ion of  frequency spectrum I S  regulated by national regulatory 
bodies sLlch as the Federal Communications Commi ssion ( FCC)  in the United States. 
The FCC a l locates spectrum to l icensed users, a lso known as primary users ( PU) ,  
which have the priori ty  to use the spectrum on a long-tenn basis .  However, th is  
spectru m i s  under-uti l i zed, s ince i t  i s  not  used by the PUs for s igni ficant periods of 
t ime.  Thi s  i nefficient a l l ocation of  spectrum creates the need for new techniques that 
a l lows un l icensed users, a lso known as secondary users (SU) ,  to access the spectrum 
whenever it is not being used by the PUs. Hence, the FCC adopted CR to overcome 
spectrum scarci ty .  Accord ing to the FCC; "Cogni t ive rad io is  a system that senses i ts 
operat i onal e lectromagnet ic envi ronment and can dynamical l y  and autonomously 
adj ust i ts  radio operat ing parameters to mod i fy system operation, sL lch as max imize 
throughput, m it igate i nterference, fac i l i tate i nteroperabi hty, access secondary 
markets ." [ 4 ] .  
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Thi defin i t ion h ighl ights the tv. mam haracteri t ic of cogni t ive rad io, 
\ hich are cogn i t ive capabi l i t and reconfi gurabi l i t  . Cognit ive capab i l i ty enables CR 
dc\  i ces to i nteract with the surround ing rad io en i ronment in a real- t ime manner and 
be aware of ignal parameters such as waveform, RF spectrum, commun icat ion 
net\\ ork t) pe/pr t col , geographical i nformation, u er need and secur i ty pol ic ies, 
etc. R de I ce then adj u t their rad io operat ing parameters accord ing to the 
i n formation ensed to achieve opt imal performance. fh is  is known as 
reconfigurabi l i ty [ 1 6) .  
The e characteri t ic are implemented VIa the three mam functions o f  the 
cogni t ive radio  c cl sho n in Figure 2- 1 :  
I .  pectrum sen ing and anal s is ;  
J pectrum management and handoff; 
3 .  pectrum al l ocat ion and sharing. 
In the spectrum sens ing and analysis stage, CR detects spectrum holes, 
known as whi te space , for opportunist ic access and pectrum uti l izat ion, it a lso 
senses PU act i  it to avoid causing hann fu l i nterferences due to SU transmissions. 
Then the characterist ics of the frequency bands sensed such as the i r  capac ity and 
rel iabi l i ty are est imated and later used in dec i sion mak ing. 
A fter t hat the spectrum management and handoff funct ion a l lows the SU to 
choose the best frequency band,  or hop among mul t iple bands to meet QoS 
requirements . For example, when the PU rec la ims its band, then the SU transmit t ing 
i n  that  band has to move to another ava i l able frequency band accord ing to the 
charmel capac i ty, path loss, ho ld ing t ime, etc. 
The SU in  cogni t i ve rad io  networks may c exi st in a certain frequency band 
with a PU or other SUs. Therefore, the need for efficient spectrum a l locat ion and 
sharing mechanism i s  fundamental to protect th 1 u se [ U from U i nterference 
and to m in im ize the col l i sions and in terference bet vecn SUs sharing the same 
frequency band .  
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Figure 2 - 1 : Cogn i t ive rad io cyc le  [ 1 6 ] .  
2 . 1 .2 A p pl icat ion 
d ances in spectrum sensing and spectrum acces techn iques encouraged 
many app l i cations of cogni t ive rad io  networks i n  d i fferent areas. Certa in  appl ications 
are xp lored i n  th is  sect ion.  
A. Cel l u l a r  Netw o rks 
martphones, and the spread of soc ia l  networks raised user expectat ions of 
being ful ly  connected . This i n  its tum added a burden to the a l ready overloaded 
cel l u l ar networks. But  cogni tive radio appl icat ions have been i ntroduced to help 
overcome these chal l enges and accommodate traffic growth.  For example, i ndoor 
coverage is one of the chal lenges facing cel l u lar networks. where the concept of 
femtocel l s  has been proposed. The femtocel l  un i t  perfoTIn as a typical BS (eNodeB 
in L TE) \ ith a sel f-deployment property, however, this propeliy make it d i fficult to 
overcome femtocel l s  i nterference using centra l ized i nterference management . 
The sol ut ion to th is  problem i s  using d istri buted spectrum planning, where 
each femtocel l  scans the spectrum to find ava i l able frequency bands, i n  order to 
maintain coverage and avoid i nterference with other femtoce l l ,  as shown in Figure 2-
2 .  
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Figure 2-2 : Femtocel l s  in terference [ 1 7 ] .  
B. TV \Vh it e  paces 
TV W11 i te Spaces (TVWS)  are unused frequency bands located within the 
HF and U H F  portions of the frequency spectrum.  In mo t countries th is  spectrum is 
not a l lowed for un l i censed use, but after the conversion of TV broadcasts from 
analogue to dig i ta l  transmiss ion, large parts of analogue TV channe ls  became 
completely vacant due to the higher efficiency of d igi ta l  TV ( DTV) .  
O n  the other hand, the transi t ion t o  DTV leaves some channels 1 11 certa in  
geograph ic  areas unused by DTV stations due to the interference they cause to co- or 
adj acent channels .  This resulted i n  more vacant bands that can be used by un l i censed 
u ers operating  at a l ow power leve ls  wi thout causing i nterference to DTV stat ions. 
The FCC in the US ,  the Office of Communications (Of com) in the U K, and the 
Electronic Communicat ions Committee ( ECC)  in  Europe are the main regulatory 
agencies that a l low un l icensed use for TV white spaces by cogni tive users [ 1 ] . 
C. P u bl ic  Safety Netwo rks 
The FCC a l located a 700 MHz  (698-806 MHz) frequency band for 
emergency responders ( i .e .  pol ice, fi re and med ical services) to prevent or respond to 
emergencies. However, th i s  spectrum is not suffic ient as pub l i c  safety worker are 
increasingly equipped with wire less devices such as laptops and mobi le  v ideo 
cameras, to i mprove the effic iency of emergency responses. Moreover, responders 
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from di fferent agencie cannot communicate during emergencies due to the use of 
n u l t irlc  frcqu nc band , i ncompat ib le rad io dev ices and a l ack of standardization 
I I ] .  
To overcome these chal lenges cogni t ive radio networks have been proposed 
tl uti l i z  spectrum u age and increa e the effic iency of emergency response. With 
cognit ive rad io. pub l i c  safet workers can use other frequency bands such a TVWS 
for dai ly  cOlmnunicat ion .  , through spectrum shar ing they can share the 
rectrum of other commerc ial op rators in location where publ ic safety networks 
are unavai lable. or where there is an operating publ ic safety network but more 
caracit) is needed to re pond to an emergency more effecti e ly .  
Cogni t i  e radio appl i cations can be used in  many other areas such as smart 
?nd networks, the m i l i tary and wi re less medical networks [ 1 ] . 
2 . 1 .3 C h a l lenges 
e era1 cha l lenges are fac ing spectrum sensing i n  cognit ive rad io networks. 
nch as: h idden PU problem, spread spectrum PUs, hardware requ i rements and 
en i ng parameters are addressed in th is  sect ion.  
A. H idden Prim a ry User  P roblem 
Hidden pr imary user problem, shown i n  F igure 2-3 anses when the PU 
transmitter is l ocated outs ide the SU area of coverage ( AOe) .  I n  th is s i tuation the SU 
i l l  cause u nwanted i nterference to the PU receiver as the PU transmi tted s ignal 
cannot be detected by the U during spectrum scalm ing. The mul t ipath fadi ng and 
!:>hadowing experienced by the PU are the main sources of this problem. 
U laborat ive spectrum sensing i s  used to overcome th is  i ssue where mult iple SUs 
col laborate with each other to detect the presence of the h idden PU. 
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F igure 2-3 : I-l idden plimary user i n  cogni t ive radio net\; ork . 
B. p read Spectru m  P ri m a ry U e rs 
\ 
\ 
I 
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There are t\\"o main spread spectrum technologies that can be used by the PU 
to acces the frequency spectrum:  frequency hopping spread spectrum ( FHSS)  and 
d i rect equence pread spectrum ( DSSS) .  In FHSS the PU changes its operat ing 
frequency accord ing to a certa in hopping sequence known by both the transmi t ter 
and receiver. Whi le  in DSSS the PU preads i ts energy over a s ingle frequency band. 
Detect ion of a PU that uses spread spectrum techniques i s  d i fficul t  as i ts  
power i s  d i st ri buted over a l arge bandwidth and looks l ike a background noise. 
However. knowing the hopping sequence and achieving perfect synchronization 
betv;een the U and the PU transmissions a l lows s imul taneous transmi ssion wi thout 
caus ing hannful  i nterference to the PU.  
C. H a rd w a re Req u i rements  
Search ing for a pectrum 0ppoliun i ty requ i res scann ing wide frequency bands 
by SUs at h igh reso lut ions. Thi s  requ i res RF receivers with components ( antennas 
and power ampl i fi ers) tuned over a l arge frequency range and h igh speed processors 
to accommodate the excessive computational demands with min imal process ing 
del ay and to perform noi se/i nterference est imations effic ient ly .  
ens ing archi tecture i s  another factor that should be taken i nto consideration .  
There are two di fferent archi tectures that are implemented in  cogni t ive radio  
networks: single-rad io arch i tecture and dual -radio archi tecture [ 1 8 ] .  I n  a s ingle-radio 
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archi tecture a l im ited t ime slot i a l located for ensi ng thu resu l t ing i n  a l im i ted 
sen ing t ime, a lcs sensing accuracy and lower spectrum efficiency. This is the case 
since part f the t ime lot i used for sens ing instead of data transmission. The 
ach antage of th is  arch i tecture are low implementat ion costs and simpl ic i ty .  
I n  a dual-rad io archi tecture, two radio chrumels are used, one for data 
communication and the other for pectrum sensing.  Th i s  archi tecture i ncreases 
en i ng accuracy and pectrum effic iency, but on the other hand it i ncreases the 
complex it) , hard\\ ru-e co ts and power consumpt ion .  
D. Sensino Para meters 
ensing pru-ameter have to be chosen carefu l ly  to guarantee interference 
protect ion for the PUs whi le  achieving maximum spectrum uti l i zation for the SUs.  
Di tTerent sensing parameter have to be taken i nto considerat ion such as sensmg 
t ime, sen i ng frequency and sensing accuracy. 
ensing t ime has to be selected carefu l l y, because the l i censed PU can use its 
chru111e l  any1i me, and the SU should vacate this channel i mmed iate ly .  Hence, sensing 
t ime has to be suffic ient to i denti fy the presence of the PU, which adds constra ints on 
the design of the en s ing a lgorithms. 
Another important parameter i s  sensing frequency that determi nes the number 
of t imes spectrum sensing is performed. The value of a sensing frequency is chosen 
based on the capabi l it ies of the cogni t ive radio  and the temporal characterist ics of the 
PU in its environment [ 1 9] .  I f  the status of the PU changes s lowly, then spectrum 
sens ing can be re laxed and performed l ess frequent ly ,  such as with the detect ion of 
TV WS.  Where the a l locat ion of the TV channe ls  is a lmost fixed unless a new stat ion 
comes i nto operat ion or an exist ing station goes o ffl ine .  
PU interference tolerance i s  another factor that affects sensing frequency. For 
example, i f  the SU is using a publ i c  safety channel, then sens ing should  be 
performed more frequent ly and the SU should i mmediately vacate the channel for the 
l icensed user. 
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2. 1 .... Re ca rch rea 
The main obj ect ive of cogn i t ive rad io networks is ut i l izing the [requenc 
'pectrum.  by  a l l  \\ ing U t acces avai lable l icensed frequency bands. H owever. i t  
i s  cruc ial  to protect the P [rom any i nterference which might be caused by the SUo  
Th i  add l i m itations on the U tran mission power and the interference produced to 
guarant PU protect ion. Hence, more research in power adaptat ion strategies is done 
to meet the Qo requ i rements of the PU and ma"l(im ize both the R and capaci ty of 
the 
nother field that attracts researchers is pectrum sensing. It i s  the fi rst and 
mo t imp0l1ant cogn it ive task, s ince i t  defi nes the vacant frequency bands and the 
tate of the channel that wi l l  can)' the transmission.  There are many spectrum 
sensing technique such a energ detect ion,  wavefonn detect ion, matched fi l tering, 
etc. igni ficant research has been carried out in  th i s  area to study these d i fferent 
technique and opt imize the i r  parameter for effi ient spectrum sen ing perfom1ance.  
Research in cogni t ive rad io  networks a lso takes other d i rect ions i .e .  energy 
effic iency, seaml ess spectrum handover, cros - l ayer design and opt imized spectrum 
decis ion making [ 20 ] .  
2 . 2  Spectru m Sens i n g  
pectrum sensing i s  the most important funct ion in  the cogni t ive cyc le .  I t  
provides the S U  with the i n format ion requ i red to access the spectrum accurately and 
effic ient l y  at a certai n  t ime at a certa in posi t ion on the spectrum.  Spectrum sensing i s  
performed across d i fferent d imensions inc lud ing frequency. t ime, geograph ical area, 
code and angle.  S ign ificant research has been carried out i n  the fie ld of spectrum 
ensing, to address the var ious spectrum sensing techniques, sensing d imen ions and 
ensing chal lenges. I n  the fol lowing sect ions, a brief review of spectrum sensing 
techn iques and d imensions is provided. 
2 .2 . 1 pectru m en ing Tec h n iq u e  
Different  spectrum sensing tecl1 J1 iques have been proposed i n  the l i terature. I n  
th is  ection the most common sensing techniques are explained and the advantages 
and dra backs of each technique are presented . 
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A. E n e rgy Detector  
rnergy detect ion, a J  0 known a rad iometry or periodogram, i the mo t 
common spectrum en ing technique due to its computational and implementat ion 
s impl ic i ty [ 1 8 J .  The concept of energy detect ion is  comparing the output of the 
energy detector \ i th a certai n energy threshold that depends on the noise floor to 
deteml ine the pre ence of the PU signal [ 2 1 ] . I n formation about the PU signal i s  not 
neces my for the energy detector to perform sensing. However. many chal l enges are 
faced in thi technique start ing for the select ion of the energy threshold the inabi l i ty 
to d i fferent i ate bet \  een noise and PU i nterference, performance degradation at low 
s .ignal to noi se rat i o  and the d i fficu l ty in detect ing spread spectnun PUs. More detai l s  
ab  u t  en rgy detect ion techn iques are presented i n  chapter 3 .  
B. l a tc h ed F i l te r  ens ing  
\,latched fi l ter i the  opt imal  spectntm sensing teclmique when the  SU has 
i n fom1at ion about the PU i gnal uch as i ts  operat ing frequency, bandwidth, pulse 
haping. modulat ion type and frame fOI11lat. The signal received i s  conelated with a 
known primary signal and compared to a threshold in order to detect the presence of 
the P and max im ize the R in  the presence of add i t i  e whi te noise .  
The main advantage of  the matched fi lter technique i s  the short sensing t ime 
requ ired to achieve a good detect ion performance. However when the U has poor 
knowledge about the PU ignal ,  matched fi l ter perfomlance degrades. Another 
drawback of thi s  techn ique is that it requ i res a ded icated receiver for every PU s ignal 
typ , resul t ing in high implementat ion complex ity and large power consumption as 
various rece iver a lgori thms need to be eval uated . 
C. r '0. tatio n a ry-Ba ed Sens ing 
Cyc1ostat ionary-based sensing ut i l izes the cyc1ostat ionary features of the PU 
sIgna u e  the periodic i ty of the s ignal or i ts  mean, by analyzing the Cyc l ic  
Autocone lat ion F unction (CAF)  o f  the  recei ved signa l .  The CAF of the received 
s ignal r e t) can be expressed as [ 1 7 J :  
( 2 . 1 ) 
where E [ . ]  i s  the expectat ion operator, (. r i s  the complex conj ugation, and {3 is the 
cyc l ic frequency. 
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n ther representat ion o f  the C F uses the Fourier series expansion, known as the 
C) c l i c  ' pectrum Den ity (C  D)  funct ion :  
00 
SU, (3) = L Rr;) (r) e -j2rr ft (2 .2 )  
T = - OO  
The C D function ha peak when the fundamental frequency of the PU 
sIgnal equals the cyc l i c  [requenc I (3. and i t  has no peak when there i s  no PU signal, 
a the noise i s  non-c c lostationary.  The cyc lostat ionary detector perf o 1111 S effic ient ly  
at a \ ery low R. since i t  can di  t i nguish between the PU signal and noise .  The 
[l: a in  drawback of th is  sensing technique i s  the computat ional complexi ty, as a l l  
� c le frequencies need to be  calculated . 
D. 'Waveform-Based Sens i n g  
This sensing technique takes advantage of  the spec ial patterns sent with the 
PU signal such a preamble.  m id-amble . p i lot patterns and spread ing sequences. A 
preamble i s  a pattern transmi tted at the beginning of  the data sequence, wh i le mid­
amble i s  transmitted in  the midd le  of the data sequence. These patterns are added to 
tre i gnal i ntenti ona l ly  for synchron izat ion and detect ion purposes. 
ensing is performed by correlat ing the received signal with these known 
patterns. and comparing the output of the corre1ator wi th a certa in threshold. Thi s  
method i s  a lso known a s  coherent sensi ng and can b e  app l ied o n  systems with known 
s ignal  patterns .  I t  was found that waveforn1-based sensing outperforms energy 
detector with h igher rel i ab i l it and shorter sens ing t ime [22 ] .  However, th i s  sensing 
technique is suscept ib le  to synchronizat ion errors, and it decreases spectrum 
effic iency Sll1ce longer s ignal patterns are requ ired for a more accurate sen ing 
perfonl1ance. 
E .  Wavelet- B ased Sensing 
Wavelet-based sensing uses the Wavelet transform to get t ime and frequency 
i n fonnation s imul taneously about the wideband signal . Unl ike the trad it ional Fourier 
transfonn that provides only spect ra l  i nformation and works for a stat ionary signal . 
' hort T ime Fourier Transforn1 ( STFT) is a lso used for t ime-frequency analysis, 
however, the main problem wi th the STFT i s  the i nabi l i ty to obta in  both h igh t ime 
and frequency resolut ions s imul taneously due to the constant window length used in  
TFT ana lys is .  
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Wa\ e let tran form can be u ed to analyze signals with d i fferent frequenc ies 
at d i fferent re o lut ion and obtai n h igh t ime reso lutions and 10\ frequency 
resolut ion at h igh frequenc ie and v ice versa at low frequencies. The main idea in 
\\[1\ e let-ba ed en ing i u ing the wavelet transfonn to detect the edges in the PO\ er 
pectral Den it ( P  D) [unction of the wideband signa l .  These edges carry impOJ1ant 
i nfonnat ion about trans i t ion from an occupied subband to an empty subband . 
Locat ing these edge and e t imating the power between every two edges helps to 
repre ent the \v id band s ignal in a b inary fashion and c lass ify the subbands i nto 
occupied alld acant .  This sensing techn ique w i l l  be addressed i n  detai l  in chapters 5 
and 6. 
2.2.2 l\ l u l t i-d imen io n a l  Spect ru m Sen s ing  
pectmm sen i ng i about finding opportuni t ies to  al low Us access to  the 
l icen ed pectrum .  spectrum 0ppol1Uni ty is usua l ly  exploited in three main 
d imensions: t ime, frequency and geographical area, i .e .  i t  can be defined as "A band 
of frequencies that are not being be used by the primary user of that band at a 
particular t ime i n  a particular geographic area" [23 ] .  However, there are other 
d imensions that can be sen ed to create new spectrum opportun i t ies such as code and 
angle. 
Code d imen ion i nc ludes s ignal s that use spread spectrum, t ime or frequency 
hopping codes. The convent iona l  sensi ng a lgori thms do not deal with th is d imension, 
which creates cha l lenges in pectrum sensing, as mentioned in the previous sect ion.  
H owever, this d imension in spectmm sensing helps avoid these chal lenges and 
i ncreases spectrum ut i l i zation  by c reating ne\ opp0l1uni t ies. 
Angle d imension is another d imension that i s  not usual ly taken i nto 
considerat ion in spectrum sensing.  Wi th new advances in antenna des ign such as 
beamfom1i ng, mul t ip le users can use the same frequency band at the same t ime 
wi th in  the same geographic area. Thi s in i ts  tum creates new opportuni t ies if  the 
angle of arrival (AoA) is est imated dur ing  sensi ng .  
l Ienee, i t  i s  very impo rtant to consider al l d imensions when des igning sensing 
algori thms, as each d imension creates new opportun i t ies. F igure 2-4 depicts the main 
spectrum space d imensions . 
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F igure 2-4 : Mu l t i -d imensional spectrum space [4 ] . 
2.3 Col la borative Spectru m Sen s i n g  
r , • 
Col laborati ve sensing has been proposed to overcome the problems facing 
spectntm sensing such as ,  noise uncertainty mu l t ipath fad ing and shadowing. I t  a lso 
a l l ev i ates h idden primary user problem and decreases sens ing t ime [4] .  I n  
co l l aborati ve sensing mU lt ip le S U s  sense the spectrum and share thei r  sensmg 
i n format ion to make the final deci sion regard i ng the presence of the PU with i n  the 
frequency band .  There are two approaches to perform col laborative sensing· 
centra l ized and d istr ibuted . These two approaches are addressed in the fol lowing 
sect ions.  
2 .3. 1 Centra l ized Col la borat ive Sensing 
I n  centra l i zed sensing a central uni t ,  cal l ed the fusion center ( FC ), gathers the 
local sens ing i n formation from a l l  the SUs and decides whether the PU exists or not 
as shown i n  F igure 2-5 .  Different fusion a lgorithms can be used by the FC to 
combi ne l ocal sensing i nfom1ation such as soft ( data )  fusion and hard (decis ion) 
fus ion a lgorithms. These a lgorithms are investigated i n  deta i l  i n  chapter 4 .  The FC 
then broadcasts the final decis ion to al l  SU , or contro ls  the traffic d i rect ly .  
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F igure 2-5 : Central ized spectrum sensing. 
2 .3.2 Distri b u ted Col la borat ive Sen s i n g  
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I n  the case of  d istributed ensing, the SU receives ensing infoill1ation from 
other Us within its v ic in i ty and based on its own sensing information and the 
infoill1at ion received from other Us, i t  makes a decis ion regarding the presence of 
the PU .  The main advantage of this approach is  the reduced cost, since no backbone 
i nfrastructu re (centra l ized fusion center) is requ i red. However, every SU has to be 
equ ipped with an individual sensing uni t .  Figure 2-6 depicts a general d istributed 
sensing archi tecture. 
P Tra nsmitter  
I 
I I I I 
_ _ _ _ _ _ _ _ _ _ _  L __ _ I I I I I I I I 
I 
C R4 
F igure 2-6 : Distributed spectrum sensing. 
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2 .3.3 E x t e rn a l  Sen i n g  
External sens ing can be  considered a an  alternat ive to  centra l ized spectrum 
:., I ' ing. In thi technique. an xternal agent performs spectrum ensing and reports 
th ' fi nal dec i ion to a l l  the s. I Iowever. the di fference between external sensing 
and central i zed en mg 1 that the external agent i s  equipped with sensmg 
c1pab i l i t ie  and pe trum ensor . whi le the Us do not need to have sensmg 
LJpabi l i t ie . w1 l i ke in the centra l ized sensing method. 
Thi meth d ov rcome the hidden PU problem and uncertainty due to 
hadowing and fad ing.  It is a l so effic ient in terms of t ime, bandwidth and power 
on umpti n from the U 's poi nt of iew. i nce the SUs do not have to spend t ime 
and power i n  sensing a th is  task i s  performed by an external agent [24 ] .  
A W i d e ba n d a n d N a r rowba n d  S pec t ru m Sens i n g  
I n  natTowband sensing. conventional spectrum sensing techniques. d i scussed 
earl ier i n  th is  chapter. and col laborat ive sensing techniques are used . This impl ies 
that the kno\ s the frequency band over which sensing w i l l  be performed, i .e .  the 
radio  front-end tart with a tunable bandpass fi l ter (BPF)  that scans one frequency 
band at a t ime .  TV broadcast i ng is an example of narrowband sensing. where the 
center frequency and bandwidth of each band are pre-defined and sensing is 
performed band by band .  
However, when the spectrum ut i l i zat ion i s  h igh,  wideband sens ing should be 
executed to explore more opportuni t ies .  I n  wideband sensing the SU has no 
i n formation about the PU center frequency or bandwidth, hence mul t ip le  frequency 
1 ands shoul d  be scanned at the same t ime using a fi l terbank of para l le l  narrowband 
B PFs implemented at the rad io front-end. But th is archi tecture requ ires a l arge 
number of components and the fi l ter range of each BPF  is preset. which results i n  
h igh implementat ion costs and complex i ty .  
An a l ternat ive approach for wideband sensi ng has been proposed based on 
Ident i fy ing the edges of the non-overlapping frequency bands and categorizing the 
bands detected i nto b lack, gray, and white based on est imated power spectral density 
( P  D)  levels [25 ] .  However, the deta i led spectral shape of the wideband spectrum i s  
not s ign i ficant for the  sen i ng process, therefore the wideband spectrum i s  mode led 
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a a tra in f con ecuti ve frequency subband wi th a smoothed P D within each band, 
but \" i th d is  ont inuous chang between adjacent bands. The main objecti e i s  to 
ident i C  th se d i  ont inu i t ie with in the pectrum, a the correspond t o  the 
frequency edge used to ident i fy  the subband . Wavelet transfonn has been 
uggested a a powerfu l  tool for \ ideband spectrum sensing, i t  i s  used to analyze 
pectrull1 singulari t ies and detect frequency edges. Other algori thms have been 
developed for wideband pectrum sensing, these a lgorithms are addressed i n  deta i l  i n  
chapter 5 .  
I n  th is the i s ,  nalTowband spectrum sensing based o n  energy detect ion w i l l  be 
considered in an WG channel and a l og-normal shadowing channe l .  Col l aborative 
en ing \\:i l l  be addres ed to overcome the effect of  shadowing using di fferent fusion 
rule  that wi l l  be  d iscussed i n  detai l s  i n  chapter 4 .  A lso, wideband spectrum sensing 
u i ng wavelet-based edge detect ion w i l l  be invest igated for both an A WGN chrumel 
and a log-normal shadowing chalmel .  
2 1  
CH A PTE R 3 :  N A R ROW BAN D N O N-CO LLABO RA T I V E  
P E CTR U M  S E N S I N G 
I n  th is chapter nano\: band spectrum sensing is addressed 111 a non­
co l la borat ive mode, where the secondar user (SU)  senses a predetermined 
frequenc band to decide on the presence of the primary user CPU) .  This decision is  
mai nl ,  affected bI  the channel model between the PU and the U .  I n  the fi rst part of 
lhi  chapter non-col laborat ive pectrum sen ing in  an A WGN channel is stud ied, 
',,, here this channel model is considered as th ideal mode l .  In the second part, non­
col l aborat ive ensing in  a log-normal shadowing channel is in estigated . 
3. 1 Spectru m S e n s i n g  i n  a n  A W G N  C h a n ne l  
n Addi t ive White Gau sian oise ( A  WGN ) channel i s  ery convenient for 
mode l i ng real communication s stems. wher the A WGN represents background 
n ise, or noi e from other communicat ion systems working in the same frequency 
band.  The effect of th is  noi e on spectrum sensing performance, in  tenns of the 
probabi l i ty of detect ion and the probabi l ity of fal se alann is explored in th is section 
u ing the energy detect ion technique.  
3. 1 . 1 Sy tem Model  
Energy detect ion I S  known for i ts  s impl ic i ty and low computational 
complex i ty ,  therefore, i t  is common ly  used for detect ing unknown signals. A block 
d iagram of an energy detector i s  depicted in F igure 3 - 1 :  
F igure 3 - 1 : Energy detector block d iagram. 
The i nput signal r et) received by the SU passes through a band-pass fi l ter 
( BPF) to e l im inate the out-of-band noise at the center frequency, fe ' and 
bandwidth, W .  The fi l tered signal then passes through a squaring device to detem1 ine 
its energy, fol lowed by an integrator over a sensing interval (0, T) . Final ly ,  the 
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output of  the integrator. V,  compared with the energ thre hold, A ,  to  decide 
\ ... hether the P i pre ent, H1 . r ab enL H o . 
1 he input signal r et) is model d as: 
r et) = n et) Ho 
r e t) = se t) + n et) Hl 
( 3 . 1 ) 
\" here n et) i the A WG modeled as a zero-mean Gaussian random variable with 
\ ariance (J1� ' i . .  n Ct) = N (O, (J� ) ,  and s et) is a PU transmitted signal ( s (t) = ° 
\" hen the PU i s  not transm itt ing) .  
For the purpose of  d tect ion the s ignal r et) 1 S  sampled USing Ns samples 
before processi ng. resu l t ing in  the d iscrete-t ime form: 
i = 0, . . . , Ns - 1 ( 3 .2) 
Then detect ion problem turns to a d iscrete-t ime binary hypothesis test ing 
problem. by comparing the test  stat i st ic ,  V,  with the energy threshold, it. The test 
stat i st ic .  V. can be written as :  
( 3 . 3 )  
where (Ns = T W )  i s  the t ime-bandwidth product that can be either a n  i nteger or a 
non-integer. and W i s  the bandwidth of  the signal . 
Under the Ho hypothes is, V fol lows a central chi -square d istribution with 2 Ns 
degrees of  freedom. and a non-central chi -square d istribution under the Hl 
hypothes is  with a non-centra l i ty parameter of  2 NsY and 2 Ns degrees of freedom [ 2 1 ] . 
Hence, V can be modeled as: 
( 3 .4 )  
I n  A W G  channel the spectrum sensing perfOImance i s  evaluated using two 
probabi l i t ies :  the probabi l i ty of fal se a larm, Pt, and the probab i l i ty of detection. Pd · 
A high probabi l i ty of  detect ion provides h igh protection and less interference of the 
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PU, whi le  a low probabi l i t) of fal a lann re ul ts in  more spectrum opportunit ies for 
the . hence h igher pectrum ut i l ization, but low r protection for the PU. 
I e condit ional probabi l it ies, the probabi l ity of  a fal e alarm, Pf, and the probabi l i ty 
v[ detecti n ,  Pd , can be wri tten as respect ive ly :  
Pf = P (V > A I Ho) 
Pd = P (V > A I H1 )  
( 3 . 5 )  
( 3 .6) 
i l l  probab i l it) densit function (PDF) of  V under the two hypotheses can be 
expressed as [ 26] : 
VNs-1 e - vj2 
[V IHo (V) = f(Ns) 2Ns ( 3 . 7 )  
( 3 .8 ) 
", here r( . ) i s  the gamma funct ion,  and OFl ( . , . ) i s  the confluent hyper-geometric 
l im i t  function [27 ] . 
C losed-fom1 expressions for the probab i l i ty of  false a larm and the probab i l i ty of 
detect ion are g iven i n  [28 ] .  The two probabi l i t ies can be expressed as: 
(3 .9) 
( 3 . 1 0) 
,,,,here y i s  the S R received at the SU,  defined as y = _P- with P as the power of  NoW 
the PU signal recei ed at the SU,  and No i s  the one-sided noise power spectral 
densi ty. A is the energy threshold,  r(. , . )  is the upper incomplete gamma function, 
and QN ( . , . ) is the genera l ized Marcum-Q funct ion [29] . In real communication s 
systems the val ue of  A i s  determined by so lv ing ( 3 .9 )  for a pre-assigned val ue of  Pf ' 
The probab i l i ty o f  misdetect ion is  defi ned as : 
( 3 . 1 1 ) 
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3. 1 .2  ' i m u lat ion  Re u l t  i n  a n  A 'VG C h a n n e l  
Di fferent factor affect pectrum ensing perfom1ance in  an A WG channel 
uch a' the number of ample , Ns, and the PU a erage S R, y. In th is  sect ion 
sen l Ilg performance i s  invest igated u ing a M TLAB s imulat ion u ing the 
c tnplementar) receiver operat ing characteri st ic ( ROC) curves [ 30 ] .  CROC is a 
graphical representat ion of pectrum sen ing performance for di fferent values of 
en rgy thre hold .  I t  ho\\ s the re lat ionshi p  between the sensi t i  i ty .  represented by the 
probab i l i t )  of misdetect ion. and the spec i fici ty. represented by the probabi l ity of 
fal e alarm .  
A. E ffect o f  t h e  N u m be r  o f  Sa m p les eNs)  
The number of amples, Ns , acqu i red from the s ignal received by  the SU 
affect d tect ion of the PU.  When the  number of sample increase the SU col l ects 
more i n format ion about the PU dur ing  a fixed s nsi ng durat ion. T. Therefore. the 
probabi l i ty of fal e a larm decreases [ 3 1 ] .  However, in practi ca l  s i tuations there is a 
predetem1i ned probabi l i ty of fal se a larm that i s  ach ieved . Accord ing to the i nverse 
proport iona l i ty between the probab i l i ty of m i sdetect ion and the probab i l i ty of fal se 
a lam1.  increas ing the number of  sam ples results i n  a h igher probabi l i ty of  
m i sdetect ion .  a s  hown i n  F igure 3-2 .  
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F igure 3 -2 :  C ROC i n  A WGN channel for d i fferent val ues of Ns at average SNR= 1 0 d B. 
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B. Effect of  Pri m a ry er Average N R  
The R of the P ignaJ recei ed at the U has a major influence on the 
p r ( rman of the energ detector. the average S R increases, the signal 
c m s immune to noi e and hence ea ier to detect. This i s  ob ious from the results 
hov, n 1 11 Figure 3-3, where the probabi l i ty of  misdetect ion,  Pm' decreases as the 
av rage R increase from 5dB to 1 5dB .  These results prove that the energy 
detector perform better at a h igh average SNR. Figure 3 -4 further veri fies this 
C I e lus ion . v" here the probab i l i t  of detect ion, Pd , grows as the average NR 
I I1crea es from OdB to 20dB .  
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. 2 pec t ru m Sen s i n g  i n  Log- n o r m a l  Shadow i n g 
20 
I n  th is  sect ion the effect of  log-normal shado\ i ng on spectrum senSl l1g 
pcrfomlance is i nvestigated. In a log-normal shadowi ng, the s ignal received by the 
U fluctuate randomly due to a blockage from an obstacle in the s ignal path as, 
shov-m in F igure 3-5 (a). These fl uctuat i ons affect the l ocal-mean power of the signal, 
resul t ing in random variat ions of path l oss at a given d i stance, a shown in  F igure 3-5  
( b) .  l l1ce the location, s ize,  and d ie lectric propert ies of  the obstac le  are u ual l y  
1 nknO\\TI .  a stati st i cal mode l i s  used to  describe these fl uctuations. Empi rical 
measurements i nd icate that the fl uctuations in the local-mean power of the area-mean 
fol lO\\' log-normal d i stribut ion, wh ich means that they fol low normal d istribut ion 
\\ hen expressed in a logari thmic scale, deci bel  uni ts [ 32 ] .  
2 7  
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Figure 3 -5 :  a )  l J l u  trat ion of log-normal sha loyv ing, b)  Path loss, shadowing and 
mul t ipath fadi ng v . d istance 
3.2 . 1 C h a n nel  M odel  i n  Log-normal  Shadow i n g  
For the U 10g-notll1al hadowing affects the average SNR of the signal 
received. Hence, the S R, y, is modeled as a log-normal random variable with a 
probab i l i ty density funct ion ( PDF)  expressed as [ 33 ] :  
, Y � 0 ( 3 . 1 1 ) 
\\ here y- LN (PdB , (J 2 dB ) '  ( = 1� ) , fldB and (J2 dB are the mean and the variance, loge 1 0  
b th  i n  d B ,  of (logeY respect ive ly .  
A log-normal d i str ibut ion I S  usual ly characterized i n  tenl1S of the dB­
pread, (JdB ' The val ue of  (JdB depends on the type of the obstac le  blocking the s ignal 
t ravel l ing from the PU to the SU .  For outdoor channe ls  the val ue of (JdB ranges from 
5 to 1 2dB in macrocel l s  and 4 to 1 3dB  in microce l l s  [ 34 ] .  
Log-normal shadowi ng affects sensing performance 1 11 cognit ive radio 
netv" orks. Due to shadowing, whi te spaces may result  not  only from the absence of 
the P , but a lso due to a b lockage of the s ignal transmi tted by an obstac le i n  the 
s ignal path between the PU and the SU .  Hence the SU has to be carefu l whi le sensing 
the spectrum to avoid confusion between a white space and heavy shadowing to 
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m oid interfering \\ i th  the P , \\ h i le maintain ing acceptable spectrum uti l ization 
lt�\ cl. . 
3.2 .2  Spec t r u m  ens ing i n  Log-normal  hadow i n g  
I n  the ca e of  log-normal hado\\' i ng, pectrum sensing problem can be formulated as 
fol low : 
r e t) = n Ct) Ho 
r et) = h (t) s ct) + n et) H1 
\\ here h ( t) i s  the l i near hannel gain between the PU and the U .  
( 3 . 1 2) 
I n  the presence of  shado\ i ng, the probabi l i ty of  fal se alarm, Pt , i s  not affected, 
becau e it i defined under the Ho hypothesis, \ here no PU signal i s  transmitted. On 
the other hand, the probab i l i ty of  detect ion under a log-normal shado\ving, Pd,log ' i s  
ca lculated by averaging Pd in  ( 3 . 1 0 ) over the pdf i n  ( 3 . 1 1 ), i .e .  
or 
( fOO r-;; ( 1 ) -((lageY - fldB) 2 Pd,log = ffrr QNs (j2Y, V A) - exp 2 2 dy (JdB 2rr 0 Y (JdB 
The Genera l ized Marcum-Q function i s  defined as: 
00 
( 3 . 1 3 ) 
( 3 . 1 4) 
J Ns ( yz +a2) QNs(a, b) = �s- l  e - 2- INs- 1(ay) dy ( 3 . 1 5 ) 
b 
\vhere IN - 1 (ay) i s  the modi fied Bessel function of  order ( Ns- l ), and y i s  a dummy s 
' b I  A . ( logeY-/1 1 vana e .  ssuml11g x = r:; , t len : v 2a 
dx = -
(- dy 
y� 
and P d,log can be \\Titten as: 
Pd" '9 = Jrr -I QN, ( 2 exp C"� + �) , VI) e-x' dx 
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( 3 . 1 6) 
( 3 . 1 7) 
Based on the Gau - Hermite integration meth d in  [ 35 J ,  the probabi l i t) of det ct ion 
i n  C ' .  1 7 )  can be \.\I"i tten a : 
( 3 . ] 8 )  
\\ here J !  i the Hermi te integrat ion order, Wi , and , aI ' are the weights and absci sas 
respect i \ e l )  [ 36 ] .  
The probab i l i ty o f  m i  detect ion in  log-normal shadowing, Pm, log , i s  defi ned as: 
Pm,log = 1 - Pd,log ( 3 . 1 9) 
or 
(3 .20)  
The newly  derived expression of the probabi l i ty of  misdetection in  (3 .20) is  a 
c losed- foml expression that can be evaluated ea i l  . The precis ion of  th is expression 
i i n \'estigated by calculat ing the probabi l i ty of m isdetect ion u ing three method : the 
Gau s-Hermite approximation in ( 3 .20) ,  Monte Carl o s imulat ion for ( 3 . 1 3 ) and 
numerical i ntegration for ( 3 . 1 7 ). 
F igure 3 -6 and F igure 3 -7  depict the CROC curves in  a log-normal 
hadowing channel using the three methods for average S R = 1 0dB,  (fdB = 2dB ,  
and Ns = 1 0  samples, the A WG curve is  provided a s  a reference. I t  i s  obvious from 
the figures that spectrum sensing performance degraded due to shadowing, resul t ing 
in  a h igher probabi l i ty of misdetect ing the PU.  A lso, comparing the three curves of 
Pm,log proves that the Gauss-Hermite approximation prov ides an accurate formula 
for calculat ing the probabi l i ty of  misdetection in  a log-nonnal shadowing channe l .  
3 0  
E 
0... 
1 0  
- 1  
1 0-4 
- t' - -, 
..... ..... ..... ..... ... 
.... .... 
" " ,  
-- Mont e-carlo Simulat ion 
-&- G uass - He rmite Approximat ion 
Numerical I nt e grat ion 
- - - - . AWG N . ,  
, .... .... .... , , , , , , , , , , , , , 
\ 
\ 
\ ' 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
1 . : 
1 00 
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average R= 1 0d B, and (JdB = 2 d B. 
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·2 .3  . i m u J a t ion  Re u l t  i n  Log-norm a l  Sh adow i n g  
fh  effect r I g-nonllal shad wing on  sensing perfol111ance i s  i nvest igated 
I I I  h l �  sect ion .  There are many factors that can be a major in fluence on sensing 
rman e such as the dB-spread. (JdB , the PU a erage 
amp! s. Ns . 
R and the number of 
< ffect of  d B- p read ((JclB ) 
The severity of shado\ i ng  i represented by the val ue of the dB-spread. (JdB , 
n re h igher values of (JdB resul t  i n  more intensive shadowing. As shown i n  
I 19ure 3 - 8 .  the probabi l i ty o f  misdetect ion increases a s  the alue o f  (JdB grows from 
_dB to 1 2dB .  This i s  a resul  t of the attenuation experienced by the received signa l ,  
lak ing i t  more d i fficu l t  to  detect .  Thi s  i n  i ts turn affects sensi ng performance and 
make the PU more suscept ib le to i nterference from the SU o  
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Figure 3-8 :  C ROC i n  log-nonnal channel for d i fferent values of dB-spread at 
average R= 1 0dB,  Ns = 1 0. 
B. E ffect  of  t h e  Pri m a ry U se r  Average S N R  
I n  energy detect ion based spectrum sensing the average SN R of the PU signal 
received by the SU i s  a major in fluence on sensing performance. However, due to 
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hadowi ng, the average power of the s ignal rece ived b the wi l l  be attenuated, 
h nee the probabi l i ty f mi deteet i  n \vi l l  i nerea e .  This degradation in  performance 
gr \\ ' a the average R of the P signal deerea e . as sho\\ n in F igure 3-9. where 
the probabi l i ty r mi detect ion increased as the a erage 
to 5dB. 
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F igure 3 -9 :  CROC i n  log-normal channel for d i fferent a lues of average S R 
at adB = 2 d B, Ns = 1 0. 
C. E ffect  of  the  N u m be r  of  Sam p les eNs) 
As d i scussed previously in  the A WGN channe l ,  acqumng fewer samples 
from the signal  received by the S U  results i n  a h igher probabi l i ty of detection for a 
g iven probab i l i ty of fal se a lam1, as shown i n  F igure 3 - 1 0 . 
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Figure 3 - 1 0 : C ROC in  log-n01111al cham1el for d i fferent values of  Ns at a erage 
R= l OdB, (JdB = 2 d B .  
I n  conc l usion, a narrowband spectrum sensing model using enelK detect ion 
in a non-col laborat ive mode was i nvestigated both in  an A WG chalmel and a log­
n01111a l  shadowing channeL I t  was found that the energy detector performs better at 
h igher average S R values with a smal ler  number of amples eNs)  and vice versa. A 
new c losed-form expression for the probab i l i ty of  detect ion i n  a log-normal  
shadowing channel was derived based on the Gauss- Herm ite integrat ion. Thi s  
expressIOn proved i t s  accuracy i n  calculat ing the probabi l i ty of  detect ion under 
shadowing. Moreover, the degradation in sensing performance due to the presence of  
shadowing was obvious, as the  average power of  the s ignal received is attenuated 
due to signal b lockage by an obstac le .  The h igher the value of (JdB ,  the worse the 
detect ion of the PU, as shadowing is more severe at higher (JdB values. 
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C H A PTE R 4 :  N AR ROW BAN D CO LLABO RA TI V E  
P ECTR U M  S E N S I N G  
, 1 . 1 I n t rod uct ion  
C l laborat i ve pectrum sen i ng I S  addressed in t h i s  chapter, \\ here the 
_�condar) user ( Us) share the i r  sensing i nfom1ation with each other to make 
deci ion about the tatus of the frequency band.  Col laborat i e sensing pro ides a 
diwr i t) that is important to a l leviat the degradation in  sensing performance due to 
the pre ence of log-normal shadowi ng. 
Col laboration in pectrum ensing can be implemented using one of the two 
main arch i tectures: centra l i zed or d i stributed . In thi chapter centra l ized co l l aborat ive 
'en 1 I1g 1 assumed, where a central data fusion center ( FC)  receives sensing 
i nformat ion from th Us, and makes deci s ion about the presence of the primary u er 
( PU )  in  a ce11ain fr quency band. Two main fusion rules can be used by the FC to 
mbine local sensing i nfonnat ion : hard fusion (al 0 cal led decision fusion),  and oft 
fusion Ca l  0 cal led data fusion) .  
The fol lowing scenario i s  considered : there are k i ndependent and ident ica l ly  
d i stributed ( i . i .d )  SUs wi th in  the recept ion area of the  PU.  W ithout loss of general i ty,  
a l l  Us  are assumed to experience ident ica l  shadowing, i .e .  s ignal stat i st ics are 
assumed to be the same for a l l  SUs, and a l l  control channels used for report ing 
ensing i nfom1ation and fi nal  dec i sions bet, een the S s and the FC are assumed to 
be ideal no ise less channels as shown i n  F igure 4 - 1 .  
S e n !'. i n g  C h a n n e l  C o n ti-oJ C h a n n e l  
P l · T,·u n <i nl i l l e r  
C R 3  
P t f  Receive.· 
Figure 4- 1 : Col l aborat ive sensing scenario in  a log-normal shadowing channe l .  
3 5  
H a rd ( Oeci  io n )  Fu  ion  
I n  hard fu' i  n ai l  sen e the same frequenc) band, and each U makes i ts 
o\\ n cIcci ' ion regard ing the presence of  the Po.  I I  Us then transm i t  their binar 
" c i ions ( 1  r 0 )  over a common contro l  channel to the FC, and the F in its 
L I ombines the e local dec is ions and d i ffu es the final decis ion back to e ery 0 .  
Thl lai n ad\  antages of  lIs ing hard dec is ion combin ing are reducing the 
omputati nal complex ity at the F and us ing low communication overheads, s ince 
transmi t  ne-b i t  hard dec i ion. There are three main deci si on fusion rules 
Ilu can b used to combine the local dec i sions at the Fe:  AN D, OR and Major i ty 
lh in ing. 
� 2.  J Col la borative P robab i l i ty of  Detection 
I f  we as ume that the Fe needs m out of  k SU to decide, then the 
. ldependent local deci sions of the SUs fol low b inomial d istribut ion based on 
Bernoul l i  tr ial . The col l aborat ive probabi l i ty of detect ion, Cd , and the col laborative 
probabi l i ty of fal e alarm, Cr , calculated at the Fe can be expressed as fol lows [ 3 7 ] :  
<U1d 
k 
Cd = I (�) Pd 1 ( 1 - Pd )k- l  (4 . 1 )  
l =m 
k 
Cr = I (�) p/ (l - Pr t- 1  (4 .2 ) 
I = TIl 
\ ere Pr and Pd are defined i n  ( 3 .9) and ( 3 . 1 0) respect ive ly for an AWG channel, 
defined in ( 3 . 1 8 ) for a log-normal  shadowing channe l .  
1e t:ol laborat i ve probabi l i ty of misdetect ion,  Cm , can be  written as: 
(4 .3 ) 
d on the fusion rule used by the Fe to make the final dec i sion, the number of 
i s  determi ned. The co l laborat ive probabi l i ty of  detection can be calculated 
a fol lows: 
\ D-co m bi n ing :  k out of  k SUs are needed to decide the col laborat ive probabi l i ty 
"" t�ction, Cd l i n  (4 . 1 ) : 
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h)r k i . i .d 
k 
Cet,AND = L C) Pd 1 ( 1 - Pd )k-l 
l=k 
, Cd,AND can be written as: 
( 4 .4 )  
(4 .5 )  
O R-co m b i n i n g: I l ere out of k s i needed to make the col laborat i e decision, 
I .e .  
I n  the case of i . i .d u ers, Cd,OR can be expressed a : 
(4 .6)  
(4 . 7 )  
M aj o rity-co m b i n i n g :  ( l�J + 1 )out of k s are requ ired to make the dec ision: 
(4 .8 )  
- t 2 . 2  S i m u lat ion  Re u l ts  U s i n g  H a rd Fus ion  
Figure 4-2  shows sen ing perfom1ance m a col laborat i e mode usmg 
d ifferent dec is ion fusion rules. These resul ts  represent the perfonnance in a log­
nom1al channel for k = 3 i . i .d Us, average S R = 1 0 d B ) (JdB = 2dB, and Ns = 
1 0  samples. I t  i s  obvious that using the OR-combin ing results in  the lowest 
probab i l i ty of misdetection (Cm) for a fi xed probab i l i ty of fal se a larm (Cf) ,  whi l e  
u ing the D-combin ing results in  the h ighest probabi l i ty of mi  detect ion. This 
means that h igher protection for the PU from SU i nterference is  guaranteed using 
OR-combining, since i t  i s  sufficient that one of the col laborat ive SUs declares the 
presence of the PU i n  the frequency band. However, from the SU perspect ive using 
the A D-combin ing increases spectrum uti l ization and creates more opportunit ies, 
because it requires that a l l col l aborative SUs agree on the presence of the PU to 
decide if a certain frequency band is  busy and can ' t be accessed by t Ile SUs.  
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Figure 4-2 :  CROC in  log-normal channel us ing di fferent hard fusion rules at average 
R= 1 OdB, ()dB = 2 d B, Ns = 1 0 ,  k = 3_ 
4.3 Soft ( Da ta )  Fus ion  
I n  soft (data) fusion, Us send the i r  measured energy, or a function of  i t ,  to 
the FC to make the final dec i sion about the presence of the PU_  D ifferent soft fusion 
schemes can be used [ 38 ] such as :  square- law selection ( LS ), square- law combin ing 
( LC) ,  maximal rat i o  combining ( M RC)  and selection combin ing ( SC) - The b lock 
d iagram of  these soft fusion chemes i s  depicted in  Figure 4-3 _ In th is  sect ion the 
L and LC schemes are addressed in  deta iL  
-'.3. 1 S q u a re-Law Select ion ( S LS )  
I n  the square- J aw select ion scheme the energie measured by  every SU are 
ent to the FC and the U with the h ighest measured energy is selected _ ssummg 
that k ident ica l ly d istributed SUs are perfon11 ing sensing, then the test stat i st ics of 
the energy measured by the FC can be expressed a : 
(4 _9)  
3 8  
f( fe 
'-----1 (I I  IJI ,  
, 
N f\ 
L 
( a )  
, t( 
Cl, _Y_l _ 
, 
a, Fl _ 
Pl f\ _ 
I . I 
(c) (d) 
hgure -l-3 : B lock d iagrams of d i fferent soft fusion rules: a) SLS.  b)  S LC. c) M RC, 
d )  c .  
A. S LS i n  A W G N  C h a n ne l  
I n  a non-fading A WG channeL the  probab i l i ty of fal se alarm, Pr,SLS' and the 
probab i l ity of detect ion, Pd,SLS' using the LS  scheme are g iven respectively as [ 39 ] :  
f (Ns' Z) 
A )k 
Pr,SLS = 1 - (1 - f (N,) 
k 
Pd,SLS = 1 - n ( 1 - QNs CJ2Yi , .,fi)) i = l  
Assuming k i . i .d SUs, Pd,SLS can be written as: 
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(4 . l 0 )  
(4 . 1 1 ) 
( 4 . l 2) 
(4 . 1 3 )  
(4 . ] 4 )  
'.'. here = {ya�= l  . and repre ent the . R received at the U. 
B. L in a Log-nonn a l  Shadow i n g  C h a n n e l  
I n  a I g-normal shadowi ng channe l .  the probabi l i ty f false alaml i s  not affected by 
had owing, \vh i l e  the probabi l i ty of  detect ion i s  calculated using the fol lowing 
fc-rmula:  
00 
P���s = J Pd.SLS Cyv Yz , . . .  , Yk , A.) [Ylh" Yk CYl ' Yz , . . .  , Yk ) dYl dyz . . .  dYk 
o 
d Plog b . For k i ndepen ent s, d.SLS can e \vntten as: 
00 00 k 
P���s = 1 - J . . . J n[ l - QNJv'2Yi , ..n:)][y1 CYi) dYi 
o 0 t = 1  
k 00 
= 1 - n J [ 1 - QNs (  J2Yi , ..n:) ] [Yl CYt ) dYi 
i = 1  0 
\\ here [Yi CYt ) i s  given by:  
( _  ) 2  
[, C ) - ( -
� lOgeYi - fli.dB 0 Y Yi - r-c exp z ' Yi � I YiCIt dB Y 2 IT 2CI i,dB 
(4 . ] 5 )  
( 4 . 1 6) 
( 4 . 1 7 ) 
ub t i tut ing (-+.1 2 )  and (4 . 1 7) i n  (4 . 1 6) y ie lds the fol lowi ng expreSSlOn for the 
probabi l ity of detect ion in  log-normal channel u ing the SLS scheme, P���s: 
k 
P���s = 1 - n ( 1 - Pd.109 CYi ' A.) ) 
i = 1  
For the case of  k i . i . d SUs, P���s can be written as: 
log _ ( )k Pd.SLS - 1 - 1 - Pd.log 
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( 4 . 1 8 ) 
( 4 . 1 9) 
( 4 .20) 
-t3.2 i rn u la t io n  Re u I t  ing  S L  cherne 
o l laborat i\e en ing p r[ormance us ing the L cherne is depicted in  
Figurc 4 -4 .  The R curves are evaluated in  a log-normal shadowing channel at 
a\ cragc R =  1 0 d S, (JdB = 2 d S  and Ns = 1 0  amples. The impro ement 1 11 
cn ing perfonmmce due to co l laborat ion i s  obvious from the s imulat ion results, 
\\ her the probabi l i t f 
. 
d . log o m l s  etectlOn, Pm,SLS' decrease as the number of 
c l laborat ive s i ncreases from k = 1 U to k = 7 SUs.  
In F igure 4-5 ,  the probab i l i ty of misdetect ion in a log-nonnal channe l  using 
the L cheme, PI;l�fLS' is presented with respect to the average NR at Pf = 0.0 1 ,  
(JdB = 2 d B  and Ns = 1 0  samples. The probab i l i ty o f  misdetect ion decreases with the 
increa e in  the average R. Moreover, as the number of col laborat ive SUs, k, 
i ncrea e the probabi l i t  of misdetect ion decreases for a given average S R.  
•. -...... _ . _ . _ . - . - . - ...... � . -
.
� 
t : ! t :  r :  :: :: : :  : ::.: 
-< 
-f 
._ . ... . ... 
1 0.1 - ... .. 
� ....... .. .... . :- ............... . .... ..... . 
.:: 
.... ......... 
....
-.....-. ... . -.... . , 
1 0  
-2 
.. ...... -� . ... .... - . ... . .. ..... , -� ' , 
... ...... ,......... 
.... ....... . ... .... . , 
'............ ..... 
" . 
... ... " , 
...  '\ 
'. " 
. \ 
'e '. 
, , 
1 
� - k = 1 user , -. '
. 
.. '. , '. 
1 0  
k = 2  users 
_ . _ . _ . k = 3  users 
- + _ . k = 4  users 
k = 7  users 
-4 -2 
1 0  
Pr,SLS 
\ \ \ 
\ 
- 1 
1 0  
\ \ \ 
\ 
,� 
--. '. "1 \ � :; \ \ -. . . -. \ \ 
\ \ 
r '. • • • ! 
Figure 4-4 : C ROC in  log-normal channel using SLS scheme for d i fferent values of k 
at average SNR= 1 0dB, (JdB = 2 d B, Ns = 1 0. 
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R i n  log-nomlal chatmel using SLS scheme 
"'.3.1 S q u a re-Law C o m b i n i n g  ( S LC) 
In the LC scheme, the test stat ist ics ( measured energies) of the k SUs are 
cumbmed at the FC as fol lows [ 39 ] : 
(4 .2 1 ) 
A. S LC i n  A W G N  C h a n n e l  
I n  an  A WON channel ,  the new test stat ist ic VSLC under the Ho hypothesis i s  a 
sum of k centra l  chi -square variables each with 2Ns degrees of freedom. Under 
the HI hypothes is, it is a sum of k non-central ch i -square variables each with 2Ns 
degrees of freedom and a non-centra l i ty parameter of 2Yi '  Therefore, VSLC can be 
modeled as a central ch i -square variable with 2kNs degrees of freedom under Ho, 
and a non-central ch i -square variable with 2 kNs degrees of freedom and a nOI1-
centra l i ty parameter of 2Yt under H I · i .e .  
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R received at the i-th U .  
(4 .22)  
The probabi l i ty of  false alarm , Pr.SLc , and the probab i l i t of detection, Pd,SLC' 
u. i ng the L scheme in an WG channel can be expressed by an analogy to 
equat ion ( 3 .9 )  and ( 3 . 1 0 ) re pect ively as: 
(4 .23 )  
(4 .24) 
F r k i . i .d , Pd•SLC can be wri tten as: 
(4 .25 )  
B. SLC i n  Log-normal  Shadow i n g  Chan ne l  
I f  the 
detect ion 
s expenence a log-nonnal shadowing, then the probabi l i ty of 
calcu lated b averagl l1g  Pd•SLC 1 11 (4 .24)  over the PDF 
00 
Pd��c = J Pd,SLC CYt , A) iyt CYt )  dYt 
o 
(4 .26)  
C. Sum of  Log-normal  Random Va ria b les 
The problem that ari ses here i s  that there i s  no exact c lo ed-form expression 
for the PDF of  the sum of the l og-normal random variables, iYt CYt ) . Accord ing to 
[ 35 ,  40, 4 1 ] many analyt ical approximations have been proposed based on the 
assumption that the sum of log-noffilal RVs is a l og-nonnal RV with new mean and 
variance. Which means that Yt can be modeled as a log-normal RV with mean flt,dB , 
and variance (J\dB ' I n  [4 1 ]  Sch\ aJiz-Yeh presented a method for evaluat ing the 
mean and variance of Yt usi ng exact expressions for the sum of two i ndependent 
summands. An i terat ive procedure for the sum of more than two summands, by 
match ing the moments of Yt in the logari thmic domain with the moments of the 
ind iv idual summands. Th i s  method is accurate in calculat ing the fi r t two moments 
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\\ i th in  the pract ica l  range o[ the dB- pread i .e .  ( 2dB ::; (fdB ::; 14dB) and up to 30 
summands. J lo\\ e\ ec i t  i s  les accurate outside th is  range. 
f nother method [or calculat ing Il t,dB and (f2 C,dB i propo ed in  [ 35 ]  u i ng the 
mon lt�nt generat ing function ( M  F) .  The IGF of Ye i s  defined as : 
\.jJYc (s) = iCC e-SYc lYe (Ye ) dyc 
\Vh�rL lYe (yc ) i s  the PDF of Ye : 
[, ( ) _ � - (( [OBeYe - J-1 e,dB )
2 
Yt Yt - � exp 2 Yt(ft,dBV 2 IT 2(f C,dB 
(4 .27)  
(4 .28 )  
l '>mg the  Gauss- l lenn i te i ntegrat ion, the MGF of the 10g-noIDlal RV Yc can be 
rittcn 1 11 a serie expansion [onn as :  
( )  f WI [ (J2(fe,dBai + J-l e dB) ] l.Jlyc s = L .JTi exp -s exp � , 1 = 1  (4 .29) 
\ hcr _\ 1 i s  the HeIDli te i ntegrat ion order. The \ e ight , wi , and the absc i ssas, ai , are 
tabulated i n  [36] . 
Taki ng advantage of the fact  that the MGF of a sum of i ndependent RVs i s  
the  product of the i r  ind iv idual MGFs [ 3 3 ] . i .e .  
k 
l.Jlye (s) = n 'Pyi (s) (4 .30)  
i = l  
The moments J-l e,dB and (fe,dB can be obtained by solv ing (4 .29)  numerical ly 
[-n using standard funct ions such as fsolve in MA TLAB for any pair of posi t ive real 
\'l l lles of (s) . The accuracy of th i  method i ncreases by increasing the Hennite 
1l1tegration order, M,  but th is  wi l l  be at the co t of increasing computat ional 
complexi ty .  It i s  found that M = 12 i s  suffic ient to accurate ly determine the values 
of J-l t .dB and (fe,dB ' 
Fol lowing the same procedure used to derive Pd,log i n  ( 3 . ] 8 ), and using the 
�chwartz-Yeh method to calcu late the moments of Yt , the col l aborat ive probabi l i ty 
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of detect ion In a log-normal shadowing u mg th 
\Hillen a ' :  
L C  s heme 1 11 ( 4 .26) can be 
exp ' . v �  2 (aJJt dBn + J-lt dB) r,) 
( 
, (4 .28 )  
The performance f thi f0I11 ula In (4 .28 )  IS investigated using s imulat ion in the 
fol lo\\, ing section. 
4.3 .... S i m u lat ion  Res u l t  U ing LC Scheme 
The effect of c l l aboration u ing the SLC scheme in  spectrum sensmg 
performance is evaluated in F igure 4-6 for average NR= 1 0dB ,  (JdB = 2d B  
and Ns = 1 0  amples .  The enhancement i n  perfom1ance, due t o  col laborat ion 
between s, is obv ious. \\ here increasing the number of col l aborat ive Us, k, 
resul t  in a s ign i fi cant reduction in the probabi l i ty of misdetect ion, ��fLc " 
These results are further proven in  Figure 4-7,  where the probab i l i ty of 
misdetect ion, P::'fLC' i s  p lotted versus the a erage R for Pf = 0.0 1 ,  (JdB = 2dB, 
and Ns = 1 0  amples. H i gher values of y guarantee better detect ion of the PU, 
moreover. i ncreasing the degree of col l aborat ion by i ncreasi ng the number of 
col l aborat i  e Us. k ,  resul ts i n  i ncreas ing the probab i l i ty of detect ion, Pd��c for a 
certai n  value of average S R .  
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-t .3.5 o m pari o n  
I n  t h i  ect ion a compari sion between the two s f t  fusion schemes d iscus ed 
carl ier i dra\\ n .  I n  Figure -i-8.  C ROC for both the L and the L scheme is 
c\  n luatcd in a log-normal channel for avearge SN R= 1 0d B  , (fdB = 2 d B  and Ns = 
1 0  samples .  I t  i obviou that the LC cheme outperf0Il11S the L cheme by 
provid ing lower probab i l i t; of  mi  detect ion for the same number of col laborative 
, k . Thi i becau e the F in the LC cheme accumulates the energies of every 
, J to make a final deci sion. i n  contrast to the LS scheme where the energy of only 
one branch i u ed to make the dec is ion .  
I o. the LS cheme requ i res est i mat ing the energies of each col laborat ive 
to choose the branch with the max imum energy . Whi le  in the LC cheme no 
e'timati n i requ i red as the energies are added together at the Fe. This i n  i ts tum 
gi\ s the LC cheme an ad antage over the L scheme in temlS comutational 
omplexi ty .  
In F igure 4-9. the probabi l ity of  mid tect ion i s  plo1 1ed versus the dB-spread 
for both the LS and the LC schemes at average R =  lad B, Pf = 0 .0 1 , k = 
3 s. Ns = 1 0  samples. Aga in  i t  is ob ious from the imulation resu l ts that the SLC 
cheme outperf0l111 the LS scheme wi th l ess probab i l i ty of misdetect ion at a 
certai n (fdB alue for the ame number of  col laborat ive SUs. A lso. the degredation in  
perfromance due  to a log-nonnal shado\ ing i s  c lear. since the probabi l i ty of 
mi  detect ion increases as  (fdB grows from 2dB to 1 2dB .  However, i ncreasing the 
number of col laborati e SUs. k. m i t igates the effect of shadowing as d i scussed 
earl ier. 
A comparison between hard fusion and soft fusion ( us ing the SLC scheme) is 
depicted in F igure 4- 1 0  at average S R= 1 0d B, (fsB = 2dB, k = 3 SUs, Ns = 
1 0  sample . I t  i s  obvious that the SLC scheme outperforms hard fusion rule for the 
same number of col l aborat ive SUs. by prov id ing the lowest probabi l i ty of 
misdetect ion for a certain probabi l i ty of false a larm .  However, using the SLC 
consumes more bandwidth, si nce each SU needs to send the energy measured. Whi le  
i n  hard fusion a one-bit b inary dec i sion is sent to the FC,  result i ng i n  less bandwidth 
requi red and lower computat ional complexi ty at the Fe. 
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I n  concl usion, the performance of  spectrum sensmg I S  enhanced due to 
co l laborat ive sen ing. D ifferent fusion ni les can be used by the fusion center to 
combine the local sensing information such as, soft fusion and hard fusion 
techniques. In soft fusion, the SLC scheme outperfom1s the LS scheme and requ ires 
fewer computations at the fusion center. In hard fusion, OR-combin ing guarantees 
better protect ion for the PU from SU interference, whi le  AN D-combining results i n  
h igher spectrum uti l i zat ion and more spectru m  opportunit ie . I n  general ,  soft fusion 
provides better sensing performance than hard fusion, but i t  requ ires more band" idth 
overhead and h igher computat ional complexity at the Fe. A trade-off between the 
ava i lab le  resources and the desi red detect ion level should be eval uated when 
choosing a fusion rule. 
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CH A PTE R 5 :  W I DE BAN D P ECTR U M  E DG E  
DETECT I O N  
5. 1 I n trod uct ion  
Due to  the development I J1 " i reles communication, average spectrum 
u u .. upancy ha increa ed, re u l t ing in h igh spectrum carci ty .  Under these 
. 
rcumstance . the secondary u ers ( S  ) need to can larger dynamic ranges o f  the 
1 rcquency pectrum, LIp to several GHz, to explore spectrum opportun i t ies .  This leads 
) wideband sensing, w here mul t ip le frequency bands are sensed at the same t ime. I n  
th is  case tradit ional spectrum sensing techniques such a s  energy detect ion, matched 
fi l ter 'en ing and cyclostationar -ba ed sensing are impract ical ,  since they are 
d igned for mul t i -band ( narrowband ) sensing. I n  narrowband sen i ng a tunable 
bandpas fi l t  r (TBPF)  is used for sensing one frequency band at a t ime u ing one of 
those tradi tional techn ique . However, th is  is not the case in " ideband sensing, i nce 
the has to scan mul t iple frequency band at the same t ime .  Moreover, the SU 
usual l) has no i nfonnation about the PU act iv i ty,  such as the center frequency and 
the bandwidth. I n  th is  chapter wideband sensing wi l l  be addressed. and in part icular 
\\ ideband sensing using \ a e let-based edge detect ion wi l l  be inve t igated. 
5.2 W i d e ba n d  S e n s i n g  M ethods 
W ideband spectrum sensing is  st i l l  i n  i t s  early stages of research .  There are 
SIX main \vi deband sensing methods d iscussed i n  the l i terature. They are :  fi lter bank 
detect ion [7 ,  8 ] :  mul t i - resolut ion sampl i ng based detect ion [ 1 0, 1 5 ] :  mult icoset 
sampl ing based detect ion [ 1 1 ] ; compressed sensing based detection [ 1 3 , 1 5 ] :  
mu l t i rate sampl ing based detect ion [9, 42]  and wavelet-ba e d  detection [ 1 4 ] .  A brief 
0\erv ie\  of these methods is presented in the fol lowing sections. 
5.2. 1 F i l ter  B a n k  Detec t ion  
Boroujeny in  [ 7 ]  proposed a wideband sensing method based on a fi l ter bank. 
The main idea i s  to implement a pair of matched root- yquist fi l ters at the PU 
transmi tter and the SU receiver, respect ively, i n  a mult icarrier cogni t ive rad io 
network . The fi lter bank i s  implemented based on a prototype fi lter that i s  used to 
e5timate the baseband ( zeroth band) .  Other frequency bands are obtained by 
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modulat ing the prototy pe fi lter, as hown in Figure 5- 1 .  ensi ng is performed in each 
ubcarrier through om ert ing the correspond ing pectrum p011ion into the baseband. 
and fi l teri ng II ing lo\\ pa fi lter ' as hown in F igure 5-2 .  The power pect ral densit 
(P D) of the fi l tered output ignaJ i n  the i-th subcarrier, SYI ,yJf) , can be written as: 
( 5 . 1 )  
\\ here Srr (fi) i s  the PSD of  the received signal ret) 1 11 the i-th subband and 
H (e2TrJJ ) i assumed to be nalTowband and designed as a root- yquist ( Nf )  fi lter. 
The expression in ( 5 . 1 )  can be wri tten in tem1S of z-transfom1 as: 
( 5 . 2 )  
where GN/z) i s  cal l ed the yquist ( Nf )  fi l ter, and Nf i s  the max imum number of 
ubcarrier i n  the fi l ter bank. I n  t ime domain G N /z) sat isfies :  
n = O  
n = mNf, m "* 0 ( 5 . 3 )  
A suming that 1./JYtyJu) represents the correlat ion coeffic ients of Yi (n) when 
performing i nverse z-transform on tVYtYi (z) , the correlat ion matrix of the measured 
vectors. Rytyt ' can be written as: 
( 5 .4 )  
where A i s  the  Teopl i tz matr ix ,  and each element of  A i s  from the sequence 9N t en) . 
I t  i found that Srr (fa fol lows a chi -square d istribut i on,  so est imating the 
degree of  freedom is cr i t i cal for the hypothesi s  test of Srr (fa .  By finding the 
e igenval ues of matrix A,  the degree of freedom can found, and the esti mated Srr (fi) 
can be obtai ned using observat ion vectors, e igenvalues and degree of  freedom. 
The fi l ter bank method performs wel l at low PSD values, due to a better 
respon e from the prototype fi l ter. However, th is  method i nvolves high 
implementat ion complexity s ince a large number of R F  component are required . 
This method i s  not flex ib le because the range and number of  the nalTowband fi lters 
5 1  
are pre et. Moreover, it i s  bui l t  ba ed on the assumpti n that the pair  root- yquist 
fi l ter at the P tran mi tter and the recei \  er are matched, but th is  is not pract ical 
h 'cau e in cogn it ive net\\'ork i t i s  hard to get information about the P . 
I H(t) I 
Prototv/ e fi l te r  (O th  band ) 
I � t  band 2nd band it h band 
L\ 
Figure 5 - 1 :  Graphical i l l ustrat ion of  a fi lter bank [ 7 ] .  
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Figure 5 -2 :  Demodulat ion process in the i- th subcalTier [ 7 ] .  
5.2.2 M u l t i-reso l u t ion S a m p l i n g  B ased Sen i n g  
f 
The main chal lenge i n  wideband sensing is  the h igh sampl ing rate requ ired to 
sense the whole spectrum,  which has to be at or above the yquist rate. On the other 
hand, to ach ieve effic ient sensing and high spectrum uti l i zation, sensing should be 
performed rap id ly .  Which means that only a l i mi ted number of samples can be 
acqu ired from the received signa l ,  l eading to inaccurate sensing resul ts .  
To overcome th is  problem, sens ing is d i  ided into two stages, the first tage 
is coarse sensing and the second stage is fine sensing. This approach is known as 
mul t i - reso l ution spectrum sensing ( M RS ) [ 1 5 ] , and it is used to a l leviate the high 
sampl ing requirements of wideband sensing. In the coarse sensing stage edges of the 
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n n- \ erJappi ng freq uenc _ band 1 11 the v, ide band pectrum are detected, then 
c las i fied ba ed on P D I vel with in each band into black, gra and white. Then, fine 
ensing i performed to e ti mate the pectral shape \\ i th in the white paces, v" hich in 
turn transfoml sen ing to nanov band mode and reduces sampl ing requ irements. 
F igure 5 - "  show the functional block d iagram of a CR acce sy tem based 
on l R  [ 1 0 ] .  It can ists o f: 
a )  Wideband antenna : 
I .  Omni-direct ional antenna ( for spectrum sensing) .  
1 1 .  Direct ive antenna ( for the CR l i nk ) .  
b )  Frequency-agi le  RF front-end ( RFE)  b lock . 
c )  Dual-stage \\ ideband spectrum sensing b lock. 
d )  Phy ical ( PH Y )  la er block . 
e )  Medium cce s Control (MAC )  block. 
The first step in  th is  arch i tecture i s  coarse ensing. which is  performed with a 
wide re o lut ion bandwidth, to c las i fy the frequency bands into acant and free 
bands. ensing results are then reported to the MAC block, and fine sensing i s  
performed over the free bands.  I f  the band is  confim1ed as  unused, the MAC block 
a l locates thi band to the CR l i nk .  F i ne sen i ng is repeated over on another band . The 
main advantage of the MRS  approach is i ts abi l i ty to be implemented in analogue 
fashion,  which provides lower power and real- t ime sensing processes. 
Direc t io n a l  
A n l � n n a  
Di rl'c r if l n a l  
A n t t n n a  
\\ idcbu DII Spec t r u m  
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.>---+----.------ ---1-----------------, 
Frequency-agile 
Front-End 
P i t Y  
Ada p t i , (' 
Mod u l a t ion 
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M it igat ion 
TX p()\' eJ '  
Con tro l 
S p(·ct t· u m  
LI'a�e 
Recog n i t ion 
pecll'um 
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M A C  
Recol1 lig. 
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Figure 5-3 : Functional block diagram of a CR access system archi tecture [ 1 0] .  
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5.2 .3 M u lt ico et a m p l i n g  Ba ed Detect ion 
l u l t ico et samp l ing i a \\ ideband sensi ng method based on a sub- yqu ist 
sampl i ng rate [ 1 1 ) . In  th is  method ome amples are selected from a un i form grid, 
\\ h ieh can be btained by un i forml samp l ing the s ignal ,  ret) ,  at a ampl ing rate Is 
greater than th yqu i st rate. The uni form grid i d iv ided into blocks of  L 
con ecuti \'e samples, and v ( v  < L) samples are acqu i red from each block whi le the 
rc t of the sample (L - v) are d i scarded. This method i s  implemented using v 
ampl ing channels with a ampl ing rate �, and the i-th sampl ing channel is off et by 
t l  
r. h 
. .  
- l rom t e onglO :  
Is 
n = mL + t i  m E 71, ( 5 . 5 )  
oth erwise 
\\ here t1 i s  the i ndex of the i-th sample .  The indi es of the v samples are stored in a 
con tant et cal led a samp l i ng pattern ( C ) .  The amp l ing pattern i s  defi ned as: 
C = { t i }� , 1 = 1  ( 5 .6 )  
The d iscrete-t ime Four ier  transfoTIn ( DTFT) of the samp les can be l i nked to 
the unknown Four ier  t ransfonn ( FT)  of the s ignal r et) as fol lo\ s :  
( 5 . 7) 
\\ here y et) is a vector of DTFT of  the measurement from the v channel s. R (f) i s  a 
vector of  the FT of r (t ) .  and cP i s  the measurement matrix with e lements detern1 i ned 
b) the samp l ing pattern C .  Hence, sensi ng is about recovering R en from 'I (f) by 
o lvi ng ( 5 . 7 ) . The advantage of mu l ti coset sensing is that the sampl ing rate of each 
ampl i ng channel is lower than the Nyquist rate. Also, the number of samples 
acqu i red is less than those in the Nyqu ist case . However, the drawbacks of th is  
method are requir ing accurate t iming offset between the sampl ing channels ,  and the 
need for a l arge number of sampl ing channels to obta in  accurate sensing. 
S.2A C o m p re ed Sen ing Based Detec t ion  
Compressed sensing (C ) i s  a no e l  technique that has been suggested to 
overcome the h igh ampl ing requ i rements of wideband sensing. Tak ing advantage of  
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the fact that \\ i re le signal are par e, due to 10\\ pectrum occupanc) b) l icensed 
u cr', , ignal can be reconstructed llsing ample t, ken at a ub- yquist rate. In [ 1 5 ] 
the author prop ed a C technique based on the MR mentioned earl ier. However, 
in this method the coar e sensing stage is performed usi ng wave let-based edge 
detection to detect th frequency edges of the non-o erlapping bands in the P D of 
the \\ ideband ignal . F igure 5 --+ shows a b lock d iagram of the proposed CS method . 
s ume that the t ime requ ired for s n ing is t E [0 ,  MTo ] ,  with To as the 
) qu ist sampl ing rate, and M is the number of sample requ ired to recover the signal 
\\ i th  ut a l iasing. The conti nuous-t i me s ignal received b the SU ret )  i s  converted to 
a di screte signal Xt of  length K .  The sampl ing proce s can then be expressed as 
[0110\\ : 
( 5 . 8 )  
\yhere S is  an  e M  x K )  proj ect ion matrix , and rt i s  an  eM x 1 ) ector \ i th samples 
taken from r e t) . The elements of Xt are the projection of r Ct) onto the basis .  
Briefl} , a mul t i -step compressed sensing i s  performed using the fol lowing steps: 
a) A d iscrete signal Xc i generated from r et) using compressed random 
sampl ing. 
b)  The frequency response rr i s  reconstructed from Xc VIa a basis pursui t  
technique, where rr = F M rC '  and F M i s  the M-point  uni tary d iscrete Fourier 
transform matrix .  
c )  A number of frequency bands N, and the frequency locations 
{ (ft ,  h + 1 Df=-ol are est i mated based on 'Pr using wavelet-based edge detect ion. 
d )  The PSD average amp l i tude within each band i s  estimated to c lassi fy the 
bands i nto b lack, gray or white. 
One-step compressed sensing is  a lso proposed to reduce the implementat ion 
complexity of coarse sensing, where the frequency band locat ions are detected from 
Xc without recovering the frequency response rr ' 
Other CS methods are presented i n  the l i terature. I n  [ 1 3 , 43 ] the authors 
suggested using an analogue-to- in[onnation converter ( A lC )  for compressing the 
analogue s ignal i n  the analogue domain .  However. the drawback of th is approach is  
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the h igh computat ional c ml lexi ty represented by the large s ize of the measur ment 
matri :-. .  I . the A l e  m de l  i affected b de i gn imperfection . 
I n  [ 1 2 1  a paral le l  Ie  model i s  propo ed, kno\\ n as a modulated wideband 
,--0 1 1 \  erter ( M WC ). The advantage of  th is  method are the reduced measurement 
atri x i le and robu tness t de ign imperfect ions and noise .  On the other hand, th i s  
meth d require large number f paral lel ampl ing channels lead ing to an  increased 
1 1lputational comple it . 
Dec ide 
rCt) Compress ive xt Spectrum rf \Vavelet H 1 0r Ho 
sampling reconstmction detect ion 
F igure 5--+ :  A block d iagran1 for compressed sensing based detect ion.  
5.2 .5 M u l t i rate  a m p l i n g  Ba ed Detec t ion :  
This method al  0 use the concept of compressing the wideband signal in the 
analogue domain .  spar e mu l t iband s ignal can be reconstructed u ing 
asynchronous mul t i rate sampl ing ( M RS )  [9 ] ,  or synchronous mul t i rate sampl ing 
( t f R  ) [42 ] .  In the M R  approach the s ignal can be reconstructed without 
synchron ization of  the sampl i ng channe l s .  However, the s ignal should possess 
certa in propert ies to be reconst ructed us ing M R  such as a m in imal number of bands 
or uruqueness. 
I n  the SM RS approach, the s ignal is reconstructed from l inear equat ions 
rel at i ng the Fourier tranSfOnll of the received s ignal to that of the samples .  The 
Imber of sampl ing channels, v, requ i red to reconstruct a k-sparse signal is v ;:::: 2k .  
However, apply ing t he  mul t i  rate sampl i ng approach i n  cogn i ti ve radio  networks 
i nvolves h igh implementation complex i ty due to the number of sampl ing channel s  
requ i red, and  the  d i fficul ty of  having a spectrum with the special propert ies 
mentioned earUer for the M RS .  
5.2 .6 W avelet-based Detec t ion  
Wa\ eJet-based detect ion I S  a wideband sensmg approach based on edge 
detect ion [ 1 4] .  Edge detect ion is used to ident i fy the i lTegular structure in the P D 
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function of  th received '>\ id band signal . These i rregular i t ie , al 0 cal led edges. 
carr) i n[0111 ation ab ut the frequency b undaries of the non-overlapping bands. 
I Jence. the main g al is to ident ify the edge of those bands, and c lassi fy the bands 
into black, gray or ,>vh i te. based on whether the e t imated PSD level wi th in each band 
high. med ium or low. 
nti nuou Wavelet transform (CWT) of the P D function of the wideband 
ignal i u ed to locate the s ingulari t ies and i rregulari t ies. As shown in  F igure 5-5  the 
P D i mode led a a tra in  of consecut i  e frequency sub bands, where the PSD i s  
mooth with in the ubband but exhibi ts i lTegularit ies o n  the border of  any two 
neighboring subbands. The fi r t and second derivat ives of the C WT of the PSD are 
used to ident i fy the edge . The local max i ma of the fi rst derivat i ve or the zeroes of 
the econd derivat i ve are used to locate the boundaries (edges) of  the consecutive 
subbands. The ad antage of  thi  approach i s  i ts abi l i ty to adapt to a dynamic 
frequency range by contro l l ing the wa e Jet smooth ing funct ion. However, the high 
samp l i ng rate analogue to d ig i ta l  converter (ADC) that is required to analyze 
wideband s ignal , and the energy co t of that ADC, are concern ing i sues . 
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Figure 5 -5 :  Power spectral density ( PSD)  of the wideband pectrum of i nterest. 
Table 5- 1 summarizes the advantages and d isadvantages of the wideband sensing 
methods d i scussed above [ 44 ] .  
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Table S- I :  Advantage and d isad anlage' of di fferent \,<, ideband sensing methods .  
--
"em i n g  M et h od 
I i l tcr Ba n k  
Advan tage 
Low sampl i ng rate 
Di advan tage 
Large implementat ion complexi ty 
ot flex ible as fi l ters are preset I Detect ion  High spectra l  dynam ic range 
M u lt ico et 
a m p l i n g  
C o m p re cd 
"en ing  
Lo\\ ampl i ng rate 
Les measurement 
Low sampl i ng rate 
Les proce ed data 
-------------------------------
Requires accurate t ime off ets 
Requires too many sampl ing 
channe ls  
H igh implementat ion complex i ty 
Matrix storage & transmission 
I M u l t i rate  a m p l i n g  Lo\ sampl ing rate 
Le s sampl i ng channels 
Stringent requ i rements on devices 
I 
Vavelet- based 
I Detect ion 
FIe ' ib i l i ty i n  adapt ing to 
dynam ic spectrum 
Requires h igh sampl ing rate ADC 
H igh energy consumpt ion 
-----------------
5.3 Syste m Mode l  of Wavelet-based Detect ion  
I f  ,,;e a sume a \ ideband s ignal consist ing of  N consecut ive subbands l ies 
wi th in  the frequency range [fO, [N] with a total bandwidth of B Hz. Frequency 
locations and P D levels for each subband need to be detected by the SU where the 
n-th subband i defi ned by Bn : {f E Bn, [n- l < I < In }, n = 1 , 2, " ' , N .  The number 
of subbands and the frequency locations are unknown to the SU, however, the 
boundaries 10 and IN are known . A l so, the PSD is assumed to be smooth wi th i n  the 
ubbands as shown i n  F igure S-S .  
Ba ed on th is  scenario [ 1 4 ] ,  the  power spectral shape of  each ubband, Sn (f) , can be 
defined as: 
fld the P D of the i gnal  received by the SU , Sr (f) , can be written as : 
N 
Sr (f) = I a� Sn (f) + Sw (f) 
n= l 
( S . 9 )  
( S . 1 0) 
\'v here a� i s  t he Po\ er density with in the n-th subband. The t ime domain signal i s :  
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N 
r Ct) = I an Pn Ct) + wet) ( 5 . 1 1 ) 
n= l  
PIl (t) i .  the s ignal occup ing Bn with PSD Sn (f) ,  and wct) i s  the A WG 
\ i th lero-m an and t\v o-sided P D Sw (f) = No /2,  V f. 
1 he nt inuous wavelet tral1 form (CWT) of Sr (f) can be expressed as [ 1 4 ] :  
( 5 . 1 2) 
\\ here * i. the convo lut ion operntor, ¢s (f) i s  the wavelet smooth ing function d i lated 
b) a cale factor s and is dell ned as: 
( 5 . 1 3 ) 
The scale factor s take dyad ic cales. i .e .  s = 2 1 , i  = 1 , 2 , ' "  ,] .  ¢(f) i s  the mother 
\\ a\ e let functi n .  usua l ly  a Gau s ian or Haar wavelet .  
As mentioned earl ier, edges are defIned using the fi rst and second derivat ives 
of Ws (Sr (f)) ,  s ince they correspond to the local harp variations with in the PSD 
funct ion, Sr (f) .  The first and second derivatives of Ws (Sr (f)) can be written 
re p ct i,  ely a : 
( 5 . 1 4) 
( 5 . 1 5 ) 
By finding the local extrema of the W;Sr (f). the local maxima i n  p31i icu lar, 
J Ice they correspond to sharp variat ion points, or the zeros o f W;' Sr (f), frequency 
edges can be rea l i zed as fol lows : 
In = maxima f { IW; (Sr (f)) I } , 
�1 = zeros f { IW;' (Sr en) I } , 
f E (fO, fN ) 
f E (fO, fN ) 
( 5 . 1 6 ) 
( 5 . 1 7) 
By set t ing the scale factor s to the dyadic scale, only modu lus max ima or 
zl.!ro-crossings that propagate to Jarger scales are taken, whi l e  others are d i scarded as 
noise .  Moreover, mul t i scale wavelet products can be used to enhance mul t iscaJe 
peaks due to the edges, wh i l e suppressing noise. The mul t iscale wavelet product of J 
C WT gradients can be defined as: 
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j 
Uj eSTU)) = n W;=2] (STU)) ( 5 . 1 8 ) 
) = 1 
\\ here W;Sr U) i de fi ned in  ( 5 . 1 4 ) .  Edge can be then acqu ired by finding the local 
max ima of UjSTU), i .e .  
( 5 . 1 9) 
ftcr ident i fy ing the freq uency edges, the P D levels with in  subbands, {a� }�= 1 ' are 
e t imated . The est imated P D level \ i th in  the n-th subband, Bn , can be computed as: 
fn 
f3n = 1 f STU) df fn - fn- 1  
fn- l  
The e t imateu P D le\'el f3n can b e  re lated t o  a� as: 
( 5 .20)  
( 5 .2 1 )  
\\ here No/2 can be est imated from any empty subband. Hence the e t i mated PSD of 
the l1-th ubband can be written as: 
� 2 - f3 . f3 an - n - m 1 n 11 '  n n = l , " ' , N ( 5 .22)  
Accord ing to the a lue of  a� , detected frequency subbands can be c lassi fied to black, 
gray or white. A block d iagram of the wavelet-based detect ion approach is depicted 
in F igure 5-6 .  
rCt) Rr Cr) Sr (f) Wavelet WsSr(f) Local In autocorrelation FFT Transfonn Maxima 
Detection 
Figure 5 -6 :  Wavelet-based edge detect ion block d iagram . 
The pseudo code for the wavelet-based edge detection technique described above is 
proposed in  Algorithm 1 .  
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Algorithm J :  Wavelet-ba ed Defectioll 
I n pu t :  [0' [N, ¢s Cf), r( t) 
Outpu t : N, {[n L:t ,  { a� }�= l 
R ,. (r) f- E{r(t)r(t  + r) }  
S,. Cf) f- J7{R,. (r) }  
Ws (S,. (f)) f- (Sr (f) * ¢s (f)) 
WI (S (f) ) f-
dWsS,. (f) 
s ,. S d[ 
(fn }�:t = maxi ma f { I W� (Sr (f) ) I }  
for i= ( 1 )  to (N) do 
b - a  h = ­
y 
Pi = 0 
for j= ( 1 )  to ( y  - 1 )  do 
Pi f- Pi + hS,. (a + jh) 
end for 
h h Pi f- Pi + z Sr (a) + z S,. (b) 
e n d  for 
x f- min{Pn }�= l n 
for 11= ( 1 )  to ( N) do 
a; f- Pn - x 
e n d  for 
5.4 W avelet-ba sed Detect ion  i n  Log- n o rm a l  Shadow i ng 
The system model described in  the previous secti on i s  for A WON channel .  I n  
t h i s  sect ion the system model i modi fied to  i nc l ude l og-normal shadowing. Log­
normal shadowing causes random variat ions in the a erage power of the s ignal in the 
order of tens of wavelengths. The level of shadowing depends on the type of the 
obstacle  b locking the s ignal trave l l ing from the transmitter to the receiver. It is 
measured by the val ue of dB-spread, CJdB ,  as ment ioned in Chapter 3 . 
6 1  
Log-nomlal hadov, ing resu l t  i n  degradat ion in  the power magnitude. adds 
more \ ariatil n to the i gnal and lead to abrupt change . Thi in its tum affects edge 
detect ion and re u l ts in more unwanted edges. 
I n  log-normal shado,,- i ng. the tim domain ignal received by the U can be 
pres ed a : 
N 
Tlog ( t) = I an hn (t)Pn (t) + wC t) 
n = l  
\\- here hn i the channel gain between the PU and U in til n-th subband. 
fhe P D of the s ignal Tlog C t) i : 
N 
5r,log (f) = I Hn (f) (a�5n (f) ) + 5w (f) 
n= l 
( 5 .23 ) 
( 5 .24)  
\\ here Hn (f) i the n-th subband i mpulse re ponse. In  the case of low and flat 
fad i ng, ( 5 .24)  can be written as: 
N 
5T,Iog (f) = I Hn a� 5n (f) + 5w (f) ( 5 .25 )  
11= 1  
I n  the previous sect ion a system model was bui l t  under tbe assumpt ion tbat 
t be number of subbands, N ,  is unknown to the SU, but remains uncbanged \ i th i n  a 
t ime burst . However, i n  the presence of s low fadi ng the number of subbands changes 
from burst to burst. The effect of log-nonnal shadowing on edge detection w i l l  be 
i m e  t igated in the next sect ion .  
5.5  S i m u l a tion  Res u l t s  & Disc u ss ion  
I n  th is  sect ion the  performance of wavelet-based edge detect ion wi l l  be 
1 11 \  e<.;t igated. The effect of certa in factors on edge detection accuracy such as, the 
scale factor (5) , col laborat ion between SUs and spectrum shape w i l l  be discussed. 
A l so .  the performance of edge detect ion in the presence of log-nomlal shadowing 
wi l l  be i m est i gated. 
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5.5. J T h e  E ffect of  Scale Fact or  (5) 
I , r a \\ idcband s ignal 'W i th total band" idth B = 750 M Hz, located oyer the 
U '-lju-.:nc) rnnge [fo = 50 MHz,  iN = 800 MHz ] ,  the P D ST U) is depicted 1 11 
I I J U I  5 -7 .  Usi  ng a Gau sian mother wavelet. and cale factor over d ad ic  scale s 
2j , j  -- 1 , 2 , 3 , 4 ,  i t  is obviou that the larger the val ue of s, the smoother the wa elet 
f'0n11 within the subband . This means that the edge are retained at coarser 
lie . \\ h i l e  the noi se i suppres ed as shown i n  F igure 5-8 .  Moreover, better edge 
l ic-n i obtained u i ng the mul t i  cale wavelet product. where the exact edges are 
cpt \\ h i le  edges due to noise vanished as i l l ustrated i n  Figure 5 -9. 
The h i  togram of th detected edge using wavelet t ransform i s  shown 1 11 
1 ur 5- 1 0  for 1 00 s imulat ion run . I t  can be ob erved that as the scale factor gets 
' rsrr ( l arger) ,  more accurate detect ion is obtained . Furthermore, using the 
mul t i  cale product enhance edge detect ion as d iscussed earl ier . 
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r lgure 5 -7 :  Power spectral density (PSD)  of the received wideband signal . 
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Figure 5 -8 :  Wavelet coeffic ients at d i fferent scales:  a )  s 2, b) s 4, c) s 8 ,  
d ) s = 1 6 .  
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5.5.2 Col la bora t ive Edge Detect ion 
I n  lhi  section the system m del de cribed in section 5 .3 is extended to 
I II J ude col lab rati c edge detecti 11, where the effect of col laborat ion between Us 
i n  wavelet-based dge detecti n i s  investigated. Assuming k col laborat ive SUs 
\\- here each U perform " avelet edge detection and reports the detected edges to a 
fusion center (FC),  the FC then combines the informat ion received lls ing one of the 
fusion ru les, OR. N D  or Majority, and takes the final dec ision regarding the edges 
and ti1e i r  correspond ing locations.  
For the \,videband signal shov n in Figure 5- 1 1 , col laborat ive edge detection is 
perfom1ed using k = 5 U at a cale factor s = 2 .  Simulation results depicted in  
Figure 5- 1 2  (c )  show that col l aborative edge detection using AND-combining 
outperforms the OR and Majority combin ing in  tem1S of accuracy, since only the 
exact edge are detected . Whi le  in  OR-combining (Figure 5 - 1 2  (b ) )  more edges are 
detected than detected by one SU in the non-col l aborat ive detection (F igure 5 - 1 2  
(a)) ,  resul t ing i n  inaccurate edge detect ion. 
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F igure 5- 1 1 :  Power spectral density (PSD)  of the received wideband signal . 
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F igure 5 - 1 2 : H i stogram of the detected edges using col laborat ive edge detection 
for k = 5 SUs using: a) non-col laborat ive. b) OR ( 1  out of 5), c) AN D (5 out of 5 ) ,  
d )  Majori ty ( 2  out of 5 ) .  
I n  a case of  sensing the  presence of a PU with a low SN R leve l ,  a s  i n  the 
second subband in F igure 5 - 1 3  ( a) ,  the PU can be misdetected . Hence, using 
co l laborative edge detect ion can help overcome this problem. It i s  obvious from 
F igure 5 - 1 4  (a) that the band occupied by the PU with low SNR, f E 
[ 200 ,400 ] M Hz, is not detected by the SU i n  non-co l laborat ive edge detect ion.  
However, in F igure 5 - 1 4  (b)  th is band was detected using OR-combini ng, whi le 
A D-combining in  F igure 5 - 1 4  (c) ,  and Majori ty-combining in  F igure 5- 1 4  Cd) 
fai led to detect th is  band. 
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Figure 5 - J 4 :  H istogram of the detected edges using col laborat ive edge detect ion 
[or k = 5 SUs usi ng: a)  non-co l laborati e, b )  OR ( l out of 5) ,  c )  AN D (5 out of 5 ) ,  
d )  Majori ty ( 2  ou t  of 5 ) . 
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r 
I r 
� 
hgure 5 - 1 5  h \V the number [ detected edge \\ i th in a range of ±S% 
Jrol lrlU the  exact edge (f = 200M Hz) , Yer us  the  average R of the P occupying 
th 'conu ubband (f E [ 2 00,40 0 ] M Hz) in Figure 5 - 1  (a) using col laborati e edge 
dctcdion for the th ree combin ing rules: OR. NO and Majori ty .  t a cale factor of 
s = 2 and for k = 5 col laborat ive Us i t  can be concl uded that the number of  
dete ted ul1\\ anted edges decreases a s  the average S R of  the PU increases. resul t ing 
1 11 more accurate edge detect ion and hence better detection of  the PU . Ho\ ever, in 
.11b in ing the number of detected edbes cho en by the FC to make the final 
d 'C l Ion regard ing the number of subbands and their boundaries. i s  h igher than that 
of both the Majori ty-combin ing and AN D-combi n ing. This means that using OR­
com bl l1 ing i nvolve more computat ion and calculations to decide the number and 
tl  II1S of the ubband \v i th in  the wideband spectrum. 
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firure 5 - 1 5 : N umber of  detected edges vs .  SNR usi ng col l aborative edge detection 
s. 
'T I 1 - 2: N umber of detected edges at d i fferent SNR al ues using col laborat ive 
edge detect ion for k = 5 Us. 
N u m ber of  Detected Edges 
I ( d B )  O R  M aj o rity A N D  
4 9 3 0 
1 0  2 1 1 
20 1 I I 
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Figure 5 - 1 6  depicts the probabi l i ty f detect ing the edge \"v i th in a range of 
±S% arollnd the exa t edge (f = 200M Hz) versus the [l\'erage S R of the PU 
\\  i th in  the ubband (f E [ 200,400) ) .  I t  is  obviou that the probabi l i ty of dge 
dete t ion improved a the average NR increa ed from OdB to 20dB.  Moreover 
r D-combin ing outperform both OR and Majority combin ing in  tern1 of the 
probabi l i t  of  edge detect ion .  }- IO\ ever, A D-combin ing fai l s  to detect the edges at 
a I \\ ayerage R (OdB - 6dB) .  wh ich proves the resul t  sho\VJ1 in Figure 5- 1 4  (c ) .  
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Figure 5- 1 6 : Probab i l i ty of  edge detect ion s .  a erage SN R using col l aborat ive edge 
detect ion for k = 5 Us .  
Table 5-3 : Probabi l i ty of  edge detect ion at d i fferent S R values llsing col l aborativ 
edge detect ion for k = 5 SUs. 
P ro b a b i l ity of Edge Detect ion 
SN R ( d B )  
O R  M aj o ri ty A N D  
6 0 . 375 0 .5 0 
1 0  0 . 5  1 1 
20 1 1 1 
7 1  
5.5.3 T h e  E ffect of  Log-normal  ' ha do\ ing 
The pre ence of  log-normal hadovv ing result  in degradation in the received 
c.l crage power and add more random ariat ion t the s igna l .  I n  wideband sensing 
thi  \\ i l l  lead to inaccurate edge detect ion, since these random variat ion ma be 
interpreted a edge . The signal transm i tted by the PU experiences log-normal 
__ hado\\ i ng due to the pre ence of an obstacle bet", een this PU and the SU sensing 
the :pectrum. The P D of the received ignal for a PU occupying a frequency 
band (f E [ 200 ,400 ] )  and experiences log-normal shadoVv ing (JdB = 2d B is shown 
in Figure 5 - 1 7 .  The dIcct of shadowing on wave let-based edge detection is  sho\ n in  
Figure 5- 1 8 .  I t  i s  obvioll that the number of detected edges increased as the severity 
of had owing increased from (JdB = 2dB  in  Figure 5 - 1 8  (b) to (JdB = 1 2d B  i n  
Figure 5 - 1 8  Cd) .  The e re ul ts are confinned in  F igure 5 - 1 9  where the number of 
detected edges with in a range of ± 2 5 %  around the exact edge. f E [ 1 50 ,250 ] ' 
l l1crea e with the increa e of  (JdB levels .  
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F igure 5 - 1 7 : PSD of the received wideband signal i n  log-nonnal channel for (JdB = 
2dB .  average R= 1 0dB.  
72  
1 0 ·  1 0 , 
8 8 
Q) Q) u u c: 6 c: 6 <U <U ..... ..... � � e 4 u 4 u 0 0 2 2 
0 I . � 0 l Ui �. IL � 0 200 400 600 800 0 200 400 600 800 
Frequency (MHz) Frequency (MHz) 
( a )  (b)  
1 0 <  8 ,  
8 - 6 -Q) Q) u u 
c: 6 - c: 
� � 4 � � 
e 4 e 0 0 
: ._ I Jl l l l l l J l l J� 2 II I I lUH J Ml ll i l J� o -  l  li I I I L I  L 0 200 400 600 800 0 200 400 600 800 
Frequency (MHz) ( c )  Frequency (MHz) (d)  
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F igure 5 - 1 9 : Number of detected edges s. adB in log-nomlal channe l .  
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Table 5-4 :  umber f detected edge at  d i  fferent (IdE val ues in  log-nomlal channel . 
(I dB No. of Detected Edges 
0 2 
2 ..., .J 
6 7 
1 2  1 2  
The probabi l i ty of detect ing the edges wi th in a range of ± 5% around the 
"act edge (J = 200M Hz) of the subband occupied b the PU experiencing 
hado\'v' ing decreases as the level of shadowi ng increases from OdB to 1 2dB .  as 
sho\\ n in Figure � -20. This i s  becau e more edges are detected at h igher (IdB values, 
lead i ng to m i sdetect ing the conect edges. [n summar , i t  can be concluded that the 
presence of 10g-I1onnal shadowing affects the performance of \ avelet-based edge 
detect ion .  
c: 
.Q ..... 
(,) 
0.9 :-
0.8 
� 0.7 Q) 
a 
Q) � 0.6 -
"­o 
e ] 0.5 ' 
t1l 
.Q 
e Q 0.4 
0.3 ' 
0.2 " 
o 2 4 6 8 1 0  1 2  
(JdB 
Figure 5-20:  Probab i l i ty of edge detection vs. (IdB i n  log-normal channel ( non-
col l aborative edge detect ion)  at average R= 1 0  dB , s = 2 .  
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Table 5 - 5 :  Probab i l i ty of edge dele t ion at d i JTerent (JdB val ues 1 I1 log-normal 
channe l .  
(J dB P ro b a b i l i ty of Edge Detection 
0 0. 704 
2 O. - 89 
6 0 . " 43 
1 2  0 .22 1 
5.5A T h e  E ffec t  of S pect ru m S h a pe 
The spectrum i nvestigated in the previous sect ion had sharp edges. However, 
in th is  ect ion a spectrum with b lunt envelopes ( low vary ing peaks) i addressed . 
For the wideband signal shown in  F igure 5-2 1 ,  with bandwidtb B = 400 MHz and 
frequency range [fo = 1 0 0 M Hz,  fN = 500  M Hz ] . i t  i s  obvious that h igher scales 
resu l t  in more accurate edge detect ion.  The mult i  cale product i s  even better for edge 
detect ion a hov,,-n i n  Figure 5-22 .  However comparing these results " i th tbose for 
the harp dges spectrum, i t  can be seen that slow varying peaks are more d i fficul t  to 
ident ify and detect. Hence. the shape of the wide band pectrum affects the accuracy 
of \vavelet-based edge detection .  
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Figure 5 -22 :  Wavelet coeffic ients at d i fferent scales: a )  5 = 2, b )  5 = 4, c )  mul t iscale 
product s = 2: 4. 
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I n  conelu ion, a WU\ elet-ba ed edge detection system model for v. ideband 
edge detect i  n \Va stud ied Llsing 1 TL B si mulat ion .  The effect of the scale factor 
of tbe \'v a\ elet functi n and spectrum shape on edge detection were considered . Also. 
col l aborat ive \'v ideband edge d tect ion was explored. Results indicated that better 
edge dete t ion was achieved at h igher scale factor values. and the detection of the 
edge cou ld be enhanced u ing a mul t i scale wavelet product . Moreover. 
col laboration bet\\ een in edge detect ion improved detection performance. and 
better detection wa achieved at h igher average SNR leve ls  of the primary user 
OCCUP) ing the wideband spectrum. The performance of th is  system model was a lso 
te ted under log-nonnal shadowing. The presence of log-nonnal shadowi ng resulted 
in a degradat ion in edge detect ion perfonnance, s ince shadowing reduces the average 
power of the PU signal received by the SUo  and at the same t ime it adds more 
random \ ariations to the igna l .  re u l t ing in more false unwanted edges. 
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H A PTE R 6 :  W I DE BAN D S P ECTR U M  DETECT I O N  
I n  thi  chapter t\\ approaches for \\ ideband spectrum detect ion wi l l  be 
J l1 \ c ' t 1gatcd and compared. The fi r t approach i the tunable bandpass fi lter (TBPF) 
I I ltcrbank in  \\ h ich a para l le l  tructure of tunable narTo\\ band bandpass fi l ters is  used 
) sen e th pectrum on a wideband leve l .  Th second approach is a proposed 
i Jehand pectrul11 detect ion model using wavelet-ba ed detect ion. 
6. 1 P roblem Fo r m u l a t ion  
ume a primary u e r  ( PU )  operat ing over the wideband spectrum 
P 'I L IOn I E [fo} IN] ,  the center frequency, Ie ' and bandwidth, B, of the PU are 
unk.nown to the secondar user ( U ) .  A lso, they remai n  unchanged during the 
ns ing interval T, but change from one sen ing interval to another as shown i n  
1 19ure 6- 1 .  ensing the presence of the P \vi I I  b e  perfonned Lls ing two sensing 
dPproaches: the TBPF fi l terbank approach and the proposed wavelet-based detection 
approach.  ystem models and performance analy i s  of both approaches are addressed 
1nd di cussed i n  the fol lowing ections. 
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I 19ure 6- 1 :  Schemat ic i l l ustrat ion of the primary user act iv i ty over the wideband 
spectrum. 
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6.2  W i d e ba n d  pect r u m  Detect ion u i n g  T B P F  Fi l terba n k  
s mentioned in chapter - , when P activit; deta i l  uch as the center 
Crcq uency and band\\ idth are known to the U, then sen ing can be performed on a 
nalTO\ band basis over the [requenc band . A tunable bandpass fi lter i set to the 
center frcquen y and bandwidth of the PU, and the trad it ional sensing techn iques 
1 i stcd in chapter one namel; , energy detection, match fi l ter detection and 
C) c lo  tationary detect ion can be u ed to decide the statu of th is  frequency band . 
However, th is is not the ca e i n  wideband sensing, where the SU needs to 
sen e the whole spectrum to detect the presence of the PU.  In th is case, mult ip le 
frequency bands should be anned using mUlt i ple tunable bandpass fi lters ( TBPF) 
forming a fi l terbank [45 ] .  The b lock d iagram of the TBPF approach i s  depicted i n  
Figure 6-2, the center frequ ncy ( fc,n = (fn- l + In ) /2) and the bandwidth (8n = 
In - [n- l )  of each tunable bandpass fi l ter ( BPFn) are preset to scan the frequency 
ubband (f E [h1- V .h1 ] )  within the "\ ideband spectrum.  By switching the tunable 
BPF, the operating cent r frequency and bandwidth can change over the "\ ideband 
pectrum (f E [fO , [N] ) · 
A schemat ic i l l u  t ration of  the senSIng scenano used i n  this approach i s  
sho\\l1 in  Figure 6-3 . ensing i s  perfoTIned 0 e r  fixed frequency subbands, where 
one ubband is scanned at a t ime and compared with the energy threshold (it.) to 
dec ide whether it is bus or free.  A summary of spectrum sensing using th is  
approach is  proposed i n  Algorithm 2 .  s ing th is  archi tecture for wideband pectrum 
detect ion requ ires l arge numbers of RF components, add i tional ly, the center 
frequency and bandwidth of the B PFs are preset which results in increasing the 
I mplementation costs and complex i ty .  
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Figure 6-2 : B l0 k d iagram of wideband spectrum detection using the TBPF 
fi l terbaIlk approach.  
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Figure 6-3 : Schemat i c  i l l ustrat ion of  the sensing scenario using TBPF f1 lterbank 
approach.  
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1 
I 
I 
/aOrilltm 2: W ideband Spectrum Detection u ina TBPF Filterballk 
I n p u t :  fo f , {fn }�=L  r et) 
O u t p u t : {a� }�= l '  (p d,n }:= l 
Rr (r) (- E{r( t) r(t + r) } 
Sr(n (- �{Rr (r) } 
fo r i= ( 1 )  to (N) do 
b - a  h = ­y 
Pi = 0 
fo r j= ( 1 )  to (y - 1)  do 
Pi (- Pi + hSr(a + jh) 
end fo r 
h h 
Pi (- Pi + z Sr (a) + z Sr (b) 
end fo r 
x (- min {Pn}�= l 
11 
for 1 1 =  ( 1 )  to ( N) do 
a� (- Pn  - X 
i f  � 2:: A then  
Pd = 1 ,n 
else 
Pd = 0 , n 
end i f  
end fo r 
6.3 W id e ba n d  S pect r u m  Detect ion  us i ng  Wavelet-based Detect ion 
I n  th is  section a wideband spectrum detection system model is proposed . The 
sy tem model described in chapter 5 for wideband edge detection using wavelet­
based edge detection, shown in F igure 6-4,  i s  used for detect ing the edges 
( i rregular i t i  s) \ i th in the wideband spectrum .  The results are then appl ied to the 
8 1  
cl1cr Iy detect r to p dorm pectrum d tect ion . The exact operation i s  described in  
J 1 ' lilt 6-5 . I n  the fi r t stage \\ avelet-bas d edge detection is  performed to detect the 
d }  n f  the \'v ideband spectrum and define the number o f  non-overlapping 
fr l nc} subband (N) and thei r correspond ing center frequency (!c,n ) and 
band\\ idth (Bn) ·  The center frequency of the n-th ubband is defined a : 
F = 111- 1  + In l e,n 2 
Bn = fn - [n- 1  
(6 . 1 ) 
(6 .2 )  
I n  the  second tage the  \ ,  ideband sensing problem turns to narrowband 
b' \'" here the re ul ts of the first stage are app l ied to the energy detector and 
tra i i t ional energy detect ion i s  performed on th subbands to c lassi fy them into busy 
an fl ce based on the esti mated PSD level with in  each subband (a�) .  A summary of 
p ctrum detect ion using th is  approach was i l l ustrated earl ier i n  A lgori thm 1 ,  in  
chapter 5 .  A schematic i l l u  trat ion of  the sensing scenario used in  th is  approach i s  
sill) n i n  F igure 6-6. The main advantage of  us ing th i s  approach [or wideband 
pectru m  detect ion i its abi l i ty to adapt to a dynamic wideband frequency range. 
However, the h igh sampl ing rate of A DC requ ired to perform th is  technique and the 
high energy consumption are drawbacks of th is  technique. 
r \ ) 
l ---j 
Rr(r) Sr(f) Wavelet WsSr(f) -\ Ulocorre!atJoo r--- FFT !"----I Transfonn 
Lo al in Maxima -
Detection 
Wavelet 
r(t) Ba�ed Edge /'1 
Dele lion 
Figu re 6-4 : B lock d iagram of  the wavelet-based edge detect ion.  
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Wavelet  Based Edge 
Detect ion 
N 
Energy Detec t i on 
a� 
Decide 
( H 1 or Ho ) 
T h re s h o l d  D e vice 
(A) 
F ig  re 6-5: B lock d iagram of the proposed wideband spectrum detection approach 
u ing the wavelet-based detect ion.  
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Figure 6-6: ch mat ic i l l ustrat ion of the sensing scenario using wavelet-based 
detect ion approach. 
6 .... Si m u la t i o n  Res u l ts a n d  D isc uss ion 
I n  th i  ect ion the  performance of the  two approaches discu ed arl ier for 
\\ ideband pectrum detect ion i s  i nvestigated. Thei r  perfon11ance i s  compared in  
ten11S of spectrum occupancy, wh ich  i s  an i ndicator for wideband spectrum detection 
effic iency. 
6.-.. 1 Spect ru m Occu pa ncy 
I n  th is  sect ion the metric spectrum occupancy is used to study the effic iency 
of the wideband spectrum detect ion technique in detect ing the presence of the PU 
\\ i th in  the wideband spectrum. Spectrum occupancy is defined a the rat i o  of the 
detected bandwidth occupied by the PU (B)  to the total wideband bandwidth i .e .  
\\ here 
1 )  ase One : 
B 
Spectrum_Occupancy [PU] = Be X 1 00
% (6 .3 )  
(6 .4) 
Consider the received PSD of  the PU shown i n  F igure 6-7.  The PU occupies a 
bandwidth equal to (B = 90  MHz) \ i th  center frequency (fc = 675 MHz) and exact 
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f 
f 
pectrum occupancy of  ( 22 . 5%) .  The red dashed l i nes represents the subbands over 
\vhich the TBPF fi l terbank perform sen ing, each subband has a bandwidth 
0[ 80 MHz.  F igure 6-8 depicts spectrum occupancy er u the probabi l it of false 
a larm (Pr ) u ing the TBPF fi lterbank approach.  s shown in  the figure. at a low 
probabi l i ty of false alarm the 
mean that the presence of the P 
spectrum occupancy equals (� = 20%) , which 400 
i s  detected over only one subband . Whi le at a h igh 
probabi l i ty of fal e al am1. spectrum occupancy equals (� = 40%) . This means that 400 
at a 10\\ Pr the TBPF fi l terbank detected the PU over the ful ly  occupied 
ubband (f E [640 ,720 ] ) .  whi le  the part ia l l y  occupied subband (f E [5 50,640]) 
\\ as declared a a free band. At  a high Pr both subbands were declared as busy 
bands. 
F igure 6-9 hows pectrum occupancy er us the pr bab i l i ty of fal se a larm 
US1 l1g the wavelet-ba ed detect ion approach.  This approach ga e more accurate 
resu l ts than the TBPF fi l terbank approach .  since it detected the exact spectrum 
occupancy of the PU.  Th is  means that the wavelet edge detector detected the correct 
edges of the P D \',:i th in the wideband spectrum.  
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F igure 6-7 :  Received power spectral density with in the wideband spectrum ( case I ) , 
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Figure 6-9 :  Spectrum occupancy using wavelet-based detection (case 1 ) . 
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I n  F igure 6- 1 0  a PU occup ing a bandwidth of (B = 20 MHz) with a center 
I ) (tc = 5 2 0  M Hz) and exact spectrum OCCllpancy of (5%) is considered . 
" before, 'pectrum occupanC) versus the probab i l i t  of false a larm is calculated 
u . ng the two approa hes. I n  F igure 6- 1 1 the TBPF fi l terbank approach is used, and 
imulation re u l t  show that the PU was not detected at a low Pf ' which resulted i n  
('0 spectrum occupancy.  Whi le  at a high Pf the PU was detected and the subband 
r E [480 ,560])  was dec lared as bus . However, in F igure 6- 1 2  the wavelet-based 
detect ion approach resu l ted in more accurate resul ts .  
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Figure 6- 1 0 : Received power spectral density with in the wideband spectrum (case 2 ) . 
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3 ) Case Three (General a e ) :  
[ n  the prc\ iou  t\'" o cases the center frequency of the P was fixed dur ing the 
sen ing inten a l .  I I  wc\ cr, a more general case is considered here w here the center 
frequenc) of the P is  variabl with a fi d bandwidth CB = 1 0 0  M Hz),  and fixed 
average , R of l OdB .  P ctrum occupancy u ing both approaches is calculated over 
five 'en ing intervals. a shown in Figure 6- 1 " . 
Figure 6- 1 4  shows spectrum occupancy ersus the probab i l i ty of fal se a larm 
1I ing the TBPF fi l terbank approach .  I t  is obvious that at a low Pf detected spectrum 
occupancy of the PU is l ess than the exact one l eadi ng to h igher i nterference for the 
P and more pectrum opportun i t ies for the SUo  Whi le  at a h igh Pf more spectrum 
occupancy for the PU is achieved resul t ing in more protection form SU interference, 
but less spectrum ut i l ization for the SU o  
I n  F igure 6- 1 5  the  wavelet-based detect ion approach i s  used, from simulat ion 
resul t  i t  can be seen that th is approach was able to detect the exact occupancy of the 
PU re u l t ing in more accurate sensing resu lts .  These results proves the results 
obtained in  the previous two cases for a fixed center frequency. 
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Figure 6- 1 3 : Received power spectral density with in the wideband spectrum (case 3 ) .  
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Figure 6- 1 5 : Spectrum occupancy using wavelet-based detection ( case 3 ) . 
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I t  can be concluded that the propo ed \\ ideband spectrum detection approach 
using \\ a\ c lct-ba cd detection outperf nll the TBPF fi l terbank approach i n  terms of 
ncctrum occupanc) . t a 10\,,, Pf the TBPF fi l terbank fai led to detect the presence 
r the P over th part ia l l )  occupied subbands and decided that these bands were 
t ree. \\ h ich caused interference to the PU from the Us using these bands. At a h igh 
Pf th PU signal was detected, but th is  resul ted in  high spectrum under-ut i l i zation as 
� p1rt ia l ly  0 cupied band i considered as busy. HO\ ever, the wavelet-based 
!etect ion approach detected the P more accurate ly  and resul ted i n  spectrum 
occupancy clo e to the exact one, which provides better spectrum ut i l izat ion.  
90 
CH A PT E R 7 :  CO NCLU S I O N S  AN D FUTU R E  WO R K  
[ n  th i  hapter, con luding remarks are made. and the re ul t  obta in d are 
dl  ussed and c mpared . Al  0, rec mmendat ions for future work are suooested to DD 
e. tend the \-\- ork pre nt d in  thi  the i s .  
7. 1 Con c l us ions  
I n  t h i  the i ,  nerg based narrowband spectrum sensl l1g 1 11 a log-noll11al 
hado\\- ing environment was i nvesti gated, and co l laborative spectrum sens ing under 
hado\\ ing using both soft fu ion and hard fusion \0 as evaluated. In addi t ion,  
wideband spectrum sensing using \ 0  avelet-ba ed edge detection was explored. 
I n  chapter 2 ,  an overvie\ of  the cogni t ive radio concept and a summary of 
d i fferent pectrum sensing techn iques were presented . Col laborat i ve spectrum 
en l llg m de ls  and the d i fference between narro\ band and wide band spectrum 
ensl llg  were highl ighted. I n  chapter 3 narrowband non-col l aborative spectrum 
sensing. us ing energy detect ion,  was i nvestigated i n  both an A WGN channel and a 
l og-noll11al shadowing channe l .  A closed-foml expression for the probab i l i ty of 
detect ion i n  a log-normal shadowing channel  based on the Gauss-Hermite integration 
\Va deri ed. and the accuracy of  this expression was tested in a MATLAB 
imulat ion.  The degradat ion in the sensing performance due to the presence of log­
normal shadowing was obvious. Moreover, the new expression of the probabi l i ty of  
detect ion under shadowi ng proved i ts  accuracy i n  spectrum sensing.  The effect of 
d i fferent factors on pectrum sensi ng, such as the average R of the primary user, 
the number of sanlp les acqu i red from the s ignal received by the secondary user and 
the level of shadowing represented by the dB-spread were studied. In genera l ,  better 
detection of the primary user was achieved at a h igher a erage of SN R values. 
However. the larger the number of samples acquired dur i ng sensi ng, the lower the 
probab i l i ty of detect ing t he primary user in both an A WGN channe l  and a l og-nonnal 
channe l .  Moreover, severe shadowi ng represented by h igher dB-spread values 
resul ted in worse sensing perfOlmance and less probabi l i ty of detect ion.  
arrowband col laborati ve spectrum sensing was performed in chapter 4- to 
overcome the effect of log-normal shadowing spectrum sensi ng. Col laborative 
sensing \-vas executed in  a centra l ized fash ion, where Ie pectrum sensors sense a 
9 1  
certain frequency band and rep rt thei r sensing informat ion to a fu ion center that 
combines th received infonnation and takes the final dec i ion on the presence of the 
nrimar) u�er vv i th in that band . The fu ion center combi nes sensing informat ion using 
e i ther soft (data ) fusion or hard ( dec is ion)  fusi n .  I n  this chapter two soft fusion 
s hemes \v ere inve t igated. the square- Ia\\ se lection ( S L  ) scheme and the square­
la\ combin ing ( LC) cherne. In add i t ion, hard fusion using three combining rules :  
A D. OR and Majorit combi n ing was analyzed . 
The i mprov ement i n  sensing performance due to col l aborat ion ben een 
secondary u ers was clear from the imu lat ion results .  In so ft fusion, the 
o l Jaborat ive secondary users send their measured energies to the fusion center. and 
the se ondary u er \ ith the h ighest measured energy is chosen in the SLS scheme. 
wh i l e  the energies of al l secondary users are added together in the SLC scheme. I t  
was shown that the LC cheme outperfomled the LS scheme in terms of the 
probab i l i ty of detect ion.  A lso. using the L cheme invol ves less computat ional 
complexity at the fusion center s ince i t  adds the energies of the secondar users 
together. \vhi le in the L the energy at each secondary user should be estimated to 
choose the user with the h ighest energy . 
I n  hard fusion, the fusion center rece ives a one-b i t  b inary dec isi ons ( 1  or 0) 
from each secondary user, and combines the dec i sions using one of the three main 
combin i ng rules; A D.  OR and Majority. I t  was shown that OR-combining 
outperfonned both A D-combin ing and Majority-combin ing by provid ing h igber 
probabi l ity of detect ion for a certain probabi l i ty of false a latm. resul t ing in h igher 
protection for the primary user from the secondary user interference.  However, using 
A D-combin i ng provided more spectmm opportuni t ies for tbe secondary users and 
h igber spectrum ut i l i zat ion s ince it resul ted in h igher probabi l i ty of misdetect ing the 
pnmar) user. 
A comparison between hard fusion and soft fusion ind icated that soft fusion 
using the LC scheme outperformed a l l  hard fusion combin ing rule with better 
probab i l i ty of detect ion.  However. us ing the SLC requires more bandwidth as the 
secondary user sends its measured energy. \ h i le in hard fusion a one-bit bi nary 
dec i sion is sent to the fusion center, resul t ing in fewer bandwidth requirement , and 
lo\ver computat ional complex ity at tbe fusion center. Therefore. a trade-off between 
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the desired level f detection and the avai l able re ources should be done \\ hen 
choosi ng a certain c mbin ing cheme. 
In chapter 5 widcband spectrwJl sensl l1g was investigated, and di fferent 
v. ideband en ing techn ique were addressed . A s stem model [or \ i deband 
. . <;pectrum en lnb u l Ilg wa let-ba ed edge detection was studied in  a MATLAB 
. imu lat ion.  The effect of the scale [actor of the wavelet function and spectrum shape 
un edge detection was considered. A lso, col laborat ive wideband edge detect ion was 
e\.plored. Results indicated that better edg detect ion was achieved at h igher scale 
factor values and the detect ion of the edges was enhanced using mult iscale wavelet 
product . foreo er. col l aborat ion between secondary users in  edge detection 
improved detect ion p rformance and better detection " as achieved as the average 
R of the primary user occupying the wideband spectrum increased. The 
j"erf0D11anCe of til l s  _ stem model was a lso tested under 10g-noDnal shadowi ng. The 
presence of log-n0D11al shadowing resul ted i n  degradation in edge detect ion 
perfonnance, s ince i t  reduce the a erage power of the primary user s ignal received 
by the secondary user and, at the ame t ime, it adds more random variations to the 
s ignal resul t i ng in more fal se edges. 
I n  chapter 6 two approaches for wideband spectrum detection were 
i nvestigated and compared: the TBPF fi l terbank approach and the proposed approach 
using wavelet-based detect ion. i mulat ion resul ts i ndicated that the proposed 
approach outperfonned the TBPF fi lterbank in terms of spectrum occupancy and 
ut i l izat ion.  
7.2 F u t u re Work 
The work done i n  th is thesis can be extended, and some suggest ions for more 
research and future work are I i  ted below. 
7.2 . 1  Co rre lated Log-normal  Shadow in g  
The centra l ized col l aborative spectrum sensing model designed in  chapter 4-
I n  the log-nonnal shadowi ng channel was based on the assumpt ion that the k 
col l aborati ve spectrum sensors are i . i .d, which means that they experience i . i .d same 
shadowing stat i st ics .  A general system model where the spectrum sensors are not 
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i . i .d can be developed . 1 reover. c rre lateu log-n m1al shadowing can be included 
iT tllL a l la l)- i . 
7.2 ... on- ideal  Report i n g  C h a n n e l  
[he report ing channel used for communication between the spectrum sensor 
and the [u i n center i a sumed to be a noiseles channel .  Howe er, in real i ty th is  
a, sumption i s  not accurate s ince th is  channel is  subject to noise and shadowing. 
I herc f"ore. this should be taken into account by introducing the probab i l i ty of error 
\ er the report i ng channel in the sy tem design. 
'7 2._ E ffect of t h e  M other  Wavelet  Funct ion  
I n  chapter 5 .  the wavelet-based edge detection model used for wideband 
t:n i ng u ed th Gau ian mother wavelet a the smoothing function. Other types of 
mother W C1\  elet functions such as the Haar wavelet or Mexican hat wa e le t  can be 
used to tudy the effect of the mother wa elet t 'pe on the performance of the edge 
detect ion. 
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